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TRLFACE 


J. Byron McCoraick, Conference Chalnun 
Los Alaoos National Laboratory 

Major lafietus for the developnent of alRh tempera- 
ture electronic materials, devices, circuits and sys- 
tems can probably be credited to the energy crisis 
which anpeared dramatically in 1974. At that tine it 
was acknowledged that the necessary discovery avid ex- 
ploitation of national energy resources would require 
a long-term commitment to research and development, and 
federal funds were made available for this purpose. In 
1975, a workshop was held to set directions for work in 
geothermal exploiatlon, ^ and a number of contracts 
were subsequently negotiated. As work continued, inter- 
est broadened beyond the geothermal area. In 1978, Dr. 
A. r. Veneruso,of Sandia Laboratories, organized a ses- 
sion on High Temperature Electronics at Midoon 1978 
in Dallas, Texas.'' This session Included a paper on 
aircraft engine controls, as well as papers on integrat- 
ed I rcuits directed at the high-temperature needs of 
the well-logging industry. In 1979, interest broadened 
still further, as evidenced by the High Temperature 
Electronics and Instrumentation Seminar organized In 
Houston, Texas by Dr. Veneruso.-' Most recently, a ses- 
sion of the 1980 Electro-Professional Program was de- 
voted to The Frontiers of High Temperature Electronical 

More than five years have passed since the first 
workshop was held, and in that time much progress has 
been made. Interest in the field has continued to grow 
and the diversity of requirements has rapidly increased. 
It therefore seems important at this time to re-eval- 
uate the status of and directions for high tesqierature 
electronics research and developiaent. This conference 
has been organized for that purpose. Specifically, Che 
conference has three major objectives; to Identify 
common needs among those in the user community; to put 
in perspective the directions for future work by focus- 
ing on the status of current research and development 
programs; and to address the problem of bringing to 
practical fruition the results of these efforts. While 
the loqiortance of the technical content of the papers 
is not to be underestimated, the Program Conmiittee felt 
that becatise of the diversity of Interests represented 
in Che audience, the identification of comsKin problems 
and the need for perspective with regard to the impli- 
cations, both technical and comercial, of these prob- 
lems were perhaps as important as the high-tempera- 
ture technologies themselves. Accordingly, special at- 
tention was given to the program in two ways. 

First, considerable care was taken to put together 
a session on Users Requirements which included papers 
from as broad a spectrum as possible, and this session 
was scheduled as the first of the conference. Second, 
Che need for perspective was recognized to be part of 
the broader problem of determining what results of re- 
search and development have long-range potential for 
commercialization, and how these can be reduced to prac- 
tice. To meet this need we are introducing what we be- 
lieve to be an innovation in conferences of this type: 
Che final session, A Conference Perspective, by Dr. 
Robert Pry, Vice-President for Research and Developoient, 
Could, Inc. During the conference. Dr. Pry will talk 
with as many as possible of the conference attendees. 
Combining the results of these encounters with what he 
learns of the status of the various high-temperature 
teconoXogies from the conference papers, he will devel- 
op a comawntary of his views of the conference in gener- 
al, and technology transfer and comnerclallzation in 
particular. I would, therefore, encourage everyone who 


has special needs in high-temperature electronics, or 
opinions about the field, to talk with Dr. Pry at some 
time during the conference. I also hope that everyone 
will plan to stay for this final and possibly most 
import mt session. 

It is worth noting that more than half the papers 
in the conference deal with materials and devices, 
rather than circuits and systems. While this is due 
in part to the conference emphasis on research and de- 
velopment, It is in larger measure a reflection of the 
lack of smturity of the field. Circuits and systesw 
are the last in the development chain of which material* 
form the beginning. The evolution to a mature technol- 
ogy base is unfortunately impeded by the relatively 
small size of the market for high teisperature electron- 
ics when compared with, for -’xaisple, the siarket comsand- 
ed by integrated circuits. This small size is not, how- 
ever, indicative of its importance when viewed in the 
context of national energy and space programs. It is, 
therefore, the goal of this conference to e; pedite the 
development of high temperature electronics for these 
most Important applications. 

So conference such as this can be successfully or- 
ganized without the hard work of a number of coopera- 
tive individuals; I woild like to thank all those who 
served on the Program Committee for their efforts. Spe- 
cial acknowledgements are due Dr. John C. Rowley and 
Dr. Jan A. Sarud, both of Los Alamos National Labora- 
tory, for their outstanding and tireless efforts to cs:- 
tabllsh « program of the highest qualitv. Special ac- 
knowledgements are also due Dr. C. R. Hausenbauer and 
his staff in Special Professional Education at The 
University of Arizona, for handling all the conference 
arrangements. 


Finally, I would like to express our gratitude to 
tiiose agencies which have contributed financially to 
the success of the conference: The National Aeronau- 

tics and Space Administration; The Department of Energy, 
Division of Engineering, Mathematical and Ceosclences; 
The Nuclear Regulatory Commmission, Division of Reactor 
Saftey Research; and The National Science Foundation. 
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HIGH TBtPB>A1UltB ELECnOMICS APPLICATIWIS 
IN SPACE EXPLORATIONS* 


R.F. Jurgens 

Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, CA 91103 


Electronic instrunents and aystens used for space 
exploration have not generally been exposed directly to 
harsh environaents of outer space or fhe dense atoo- 
spheres of several of our planets. Instead, protective 
enclosures, insulation, shielding, and small heating 
sysr<ns are provided to control the environment. Also 
the design of spacecraft systems and instruments are 
carried ‘iut with fairly conservative design rules, be- 
cause the cost of a mission is high, and failure is easy 
to achieve. The design of electronic Instrujrents for 
use within the wide range of the earth's environment is 
difficult enough, and extension of our electronic tech- 
nology to operate at very high or low temperatures or 
great pressures is no small challenge. 

Operation of electronic systesis in environments 
having temperatures or pressures beyond the capability 
of the electronics requires systems to protect or 
insulate the electronics from the environment. The 
maintenance of the protection requires energy, and 
the energy source itself may require protection. In 
vacuous space, the energy transfer to the spacecraft is 
entirely dependent upon radiative transfer, and tempera- 
tures can be controlled by v.irylng the reflectivity of 
the spacecraft surfaces. This form of control may re- 
quire little energy since it often can be accomplished 
with little more than the rotation of the spacecraft or 
the reorientation of reflective panels. Pressure dif- 
ferences are seldom larger than the difference between 
that of the earth and vacuum. In these respects, the 
explor.it ton of space is considerably less difficult than 
the exploration of the earth’ ^ aner space where tem- 
peratures and pressures are high. 


The exploration of the planets having large atmo- 
s' heres is entirely a different matter. In the case of 
Venus, for example, the surface temperature is near 
TiO"K and the atmospheric pressure 90 bars. The atmo- 
spheric profiles of the large outer planets are relative- 
ly unknown, but one thing is sure, both the pressure and 
temperature will increase well beyond our technical 
capability to design Instnnents before any surface is 
likely to be found. The depth to which these atmospheres 
can be studied depends on one of two things, 1. our 
ability to design probes that can withstand the great 
temperatures and pressures, 2. the ability to transmit 
the Information through the dense absorbing atmospheres. 


The problem of protecting electronic systems from 
the great temperatures and pressures of these atmospheres 
is a very different problem from that of outer space. 

Here the thermal energy transfer is caused primarily by 
conduction to the atmosphere. The atmospheric pressures 
may be hundreds of times greater than those of the 
earth's atmosphere, so our spacecraft may look more like 
a craft de.signed for deep ocean exploration. We have 
two choices as to the design of our craft, either we 
design our systems to withstand the high temperatures 
and pressures, or we maintain temperature and pressure 
differences within the craft. The maintenance of tem- 
perature and pressure differences requires energy, and 
energy is always a very expensive and a scarce commodity 
on any space probe. Therefore it is very Important that 
we minimize or eliminate the need to maintain such dif- 


ferences. The extension of range of operating tempera- 
tures of electronic components and systems is a start in 
th.it direction. 

Missions 

The exploration of the atmosphere of Venus will 
probably be the first example of the use of high tem- 
perature electronic systems in space applications. 
Studies of the Venusian atmosphere could be accomplished 
by the use of balloon borne instrisucnts. The simplest 
sort of experiment might be one that determines only 
t' • circulation properties of the atmosphere at various 
altitudes. All that is required here is a beacon of 
sufficient power to be tracked by either orbiting 
spacecrafts or from ground-based radio telescopes. A 
more advanced probe might contain a radar transponder. 
The localization of the balloon, for example, could be 
accomplished by VLBT, Doppler tracking, range tracking 
in the case of a transponder, and all combinations of 
these. Two missions are presently being studied. The 
first carries only a simple beacon transmitter and flys 
at 18 km altitude where the temperature at about 325*C. 
Electronic breadboard designs for operation at this 
temperature are presently being constructed and tested 
at JPL. The second flys between 40 and 48 km where the 
temperature does not exceed 150*C. Here, more advanced 
Instrument packages are presently within the available 
technology. Possible instruments include pressure, 
temperature, differential temperatures, light flexes, 
lightning detectors, and sound pressure levels. Balloon 
missions are likely to last no longer than a few days 
to a few weeks, therefore only short term studies can be 
carried out (These are much longer, however, than the 
present Venera and Pioneer -Venus probes). Longer 
missions are desirable and would most likely have to be 
carried out from the sucTace. 

If a landing probe could sit on the highest part 
of Terra Ishtar (about 10 km above thr> mean surface 
le'-el) the temperature would be about 380°C. A number 
of interesting experlmenrs could be accomplished from 
this remarkable peak including all the traditional 
weather measurments, atmospheric turbulance, light 
scattering from dust particles, and co on. Equally as 
interesting are measurements related to planetary ind 
solar systems dynamics. For example, very accurate 
measurements of the rotation rate, direction of the spin 
axis, and ‘.rbital motion could be made. These measure- 
ments could easily establish whether the rotation Is in 
synchronous lock with the earth or if seme form of pre- 
cession exists. As the planet rotates, two occultations 
could be observed per revolution as viewed from the 
earth. An orbiting spacecraft could observe several 
occultations per day. Such measurements not only aid 
in establishing the variation of the atmosphere but 
give a measure of the turbulance which establishes the 
ultimate "seeing" capability through the Venusian atmo- 
sphere at microwave frequencies. 

Going to our outer planets, there is much work to 
be done. The first direct measuremnts of the Jovian 
atmosphere will be made by the Galileo space probes. 
These probes, like the PV probes, will lastashort Lime 
until they are either crushed or their signal extln- 
-.,guished by the absorption in the atmosphere. The data 



thoy return will ultlaately determine If other methods 
of exploration are possible. Along the most «xlcltlng 
might be a hot air balloon mission to explore the 
circulation below the visible cloud regions. Though it 
la too early to know what might be possible, high tem- 
peratuve electronics will most likely be required. 

Going towards the Inner part of our solar system 
we find Mercury and the Sun. The Mariner 10 spacecraft 
Measured surface temperatures on Mercury ranging from 
90 Co 460*K. Radiative transfer models Indicate that 
temperatures as Iilgh as 650“K (377“C) exist when Mercury 
Is clo-.'est to the sun. rhe precession of the perihelion 
of Mercuty has been used to test the general theory of 
relativity, however, this rate of precession is also 
partly caused by the solar oblateness which distorts the 
gravity field oi the sun. Furthet tests of the general 
relativity theory could be facilitated by placing a 
transponder on the iturface of Mercury or by placing a 
close orblter around the sun. The solar orblter could 
map the gravity field, measure the oblateness, and carry 
out other measurements of fields and particles. Measure- 
ment of the perihelion precession of orblter could give 
an even better verification of the general relativity 
theory. 

Electronic Hardware 

Most conventional military electronics will operate 
to 1X"C. Therefore, at 100*C it Is simpler to ask what 
won't work than what will. Even though many components 
will still function to 150°C, very few electronic systems 
will function properly. Therefore, electronic systems 
must be designed specifically to reach this tenperatuic. 
As we go beyond 200*’C, many standard c-<mponents and 
packaging techniques begin to fall. By 300*C, very few 
silicon semiconductor devices continue to operate. As 
we go beyond 150*C it is especially important to consi- 


der what Is really needed for space exploration, as every 
good designer would like to have everything, and every- 
thing could be much too expensive. 

There are on our list of components and systems 
many of the same things that are required for well- 
logging instumentat ion, so to the degree that Instru- 
mentation requlroaents are more or less Identical, opera- 
tion to 300'C should be possible using hybrid circuit 
techniques developed for well-logging. A fairly good 
summary of the limits of electronic components was given 
by Veneruso (1979). Much work has been reported by 
Palmer (1977), Palmer and Heckman (1978), Polmer 
(1979), and Prince et. al. (lunC) describing tests, 
design rules, and fabrication of electronic circuits 
suitable for many Instrumentation systems. However, our 
list contains some Items not essential to the well- 
logging Industry. These are; 

1. High temperature power sources 

2. Ultra stable oscillators and clocks 

3. VHF, UHF, and Microwave transmitters 

4. Antennas 

5. Electromechanical actuators, motors, and 
guldcnce systems 

6. Special deployment components and systems 

The power source 1$ so Important that It Is placed 
first in the list. An effective way to evaluate power 
sources for space applications is by figures of watt 
hours per kilogram, watt hours per cubic centimeter, 
and watt hours per dollar. The last measure Is often 
the most difficult to obtain as most high tanperature 


Table 1, High Temperature Energy Sources 


Enetgy 

Device 

Type 

Manufacturer 

Temperature 

Range 

Vh/kg 

Wh/cc 

Max 

Watts 

Ef f iclency 


Lithium/Carbon 

Primary 

Power (k>nverslon 
Inc. 

-50' to 60'C 

270 

0.41 

0.90 

NA 

D-slze tested 
available 

Lithium/Carbon 

Primary 

Electrochem 

Industries 

-30' to 150'C 

515 

0.98 

9.60 

NA 

D-slze tested 
available 

Sodlum/NlPS^ 

Secondary 

EIC 

130* 

- 

- 

- 

- 

Experlme.)tal 

Sodium/ Sulfur 

Secondary 
Fused Salt 

General Electric 

280' to 350'C 

150 

- 

- 


Experimental 

tlSi./FeS 

Secondary 
Fused Salt 

Rockwell 
Internet lone 1 

400* to 450'C 

79 

- 

- 

- 

Experimental 

Sod.lum/Sulfur 

Secondary 
Fused Salt 

Maccoussls 

280* to 350'C 

200 

- 

10.0 

8o: 

Exper Imental 

Photovoltaic 

Silicon 

Many 

< 150*C 

NA 

NA 

NA 

-12Z 
@ 20*C 

Available In 
many sizes 

Photovoltaic 

GaAs 

Rockwell 

International 

< 300“C 

NA 

NA 

NA 

-141 
@ 20'C 

Experimental 
.25cm X .25cm 

Thermal 
Electric Gen. 

Pyro- 

technlque 

Aerospatiale 

-40* to 50'C 

< 20 

< 0 07 

- 

- 

Available In 
many sizes 

Radio Isotope 

Thermionic 

Generator 

Ft 238 

General Electric 

< 500'C 

> 0.5 X 

10^ - 

-4w/kg 

8 

300'K 

0.2SZ 

Requires 

Custom 

Design 
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power sources are not comerc tally available. Table I 
suorarises soeie of the power sources that are either 
aval, able or are known to operate at extended tenpera- 
ture ranges. Certain special oechanlcal and electro- 
aechanlcal storage systems have not been Included. For 
example steam engines, compressed gas. Internal combus- 
tion engines, and windmills. The use of such systems 
should not be discounted, as s few of these may be 
entirely practical. For example, the atmosphere of 
Jupiter Is mostly hydrogen. The operation of a Inter- 
nal combustion engine fueled on hydrogen Is quite prac- 
tical If an oxidizer Is carried on the probe. Table I, 
then, concentrates on direct electrical power systems 
not requiring the conversion from mechanical to electri- 
cal energy. 

The primary batteries listed In' Table I have very 
high energy densities compared to most primary or 
secondary cells. They also have good storage capabili- 
ty, which Is essential since many missions require six 
months to several years to arrive at their intended 
target. The present temperatures limit for coonierclally 
available primary batteries is about 1S0*C. The fused- 
salr batteries listed do not begin to operate until the 
materials fuse. These batteries can be stored in the 
charged state Indefinitely below the temperature of 
fusion. Since the lowest temperature battery is the 
sodium-sulfur type which begins to operate near 280'C, 
there Is a range between ISO* and 280*C for which no 
batteries are presently available. Fused salt batteries 
can operate to S00*C, so they are ideal for Venus land- 
ers. Although a large number of experiments on various 
fused salt cells have been run, only two types of cells 
have received sufficient study to be manufactured. The 
work on Sodium-Sulfur cells has been reported by MItoff, 
Brelter, and Chatterji (1977) and Chatterji, Mlttoff, 
and Brelter (1977). Work on the Llthlum-Sllicon/lron 
Sulfide batteries has been reported by Sudar, Heredy, 
Hall, and McCoy (1977). Most work since then has been 
directed at manufacturing large cells for Industrial 
load leveling and for electric vehicles, therefore, a 
wide range of sizes are not available. 

Energy .sources that could support longer missions 
than possible with batteries are: 1. photovoltaic '-ells, 
and 2. thermionic cells. Photovoltaic cells may be 
usable If the power requiranents are not too large. 

High light Intensities are generally not availaole deep 
In the atmosphere of Venus and at the outer planets, 
thus the solar cell array sizes would have to be fairly 
large to provide even 20 to 30 watts. Silicon cells are 
not useful abov'p 200*C, although work Is being done to 
extend the temperature range for use with large concen- 
trators. GaAs cells show the greatest promise for op- 
eration above 200*C, although their efficiency will de- 
crease. Tests of a few samples of GaAs cells supplied 
by Rockwell International showed a near linear decrease 
in terminal voltage with Increased temperature. Al- 
though these cells survived the 3S0*C testing, their 
efficiency at this temperature went to zero. 

Thermionic cells or generators operate by establish- 
ing a temperature difference on two Junctions formed of 
dissimilar metals. Two types of thermionic generators 
are listed In Table I. The pyrotechnlque generators 
suffer from a low energy to weight ratio, but could po- 
tentially operate to a higher temperature than the pri- 
mary cells. Cosmierclally available cells are rated 
only to 6S*C. These generators operate only for a short 
time following ignition (30 seconds to a few hours). 
During this time the energy must be used or it is lost. 
The Radioisotope Thermionic Generator (RTG's) suffer 
from many of the same problaa, but their energy/weight 
ratio is much greater than any other power source. The 
life-time of these generators is controlled by the half- 
life of Fu 238 which is the most common heat source (86 
years). A typical power source, such as the ones used 


on the Voyager spacecraft, generate about ISO watts over 
a ten-year period and weigh about 40 kg. The efficiency 
of thermionic generator Is proportional to some fixed 
percentage of the Carnot efficiency, thus the efficiency 
decreases linear lly with Increased temperature on the 
cold side of the Junction. Typical high-side tempera- 
tures are near 1280* R. If the high-side temperature 
remains fixed, the Carnot efficiency %Knild be about 2.S 
times poorer on the surface of Venus than on earth. 
Higher efficiencies, of course, are possible If the 
high-side Junction temperature can be raised. This re- 
quires either higher powored radioactive materials or 
ways to reduce the heat transfer through the thermionic 
converter. Higher powered radioisotopes probably imply 
shorter half-lives, so the total energy may not change 
greatly. In spite of this, the future for RTG's looks 
good when long missions are to be considered, ao no 
other power source is presently available. 

Ultra Stable Oscillators 

Ultra stable oscillators (USD's) are used to 
control Che frequency and timing of all signals In the 
space probe. Microwave signals are generated by multi- 
plying the basic oscillator or some lower frequency 
derivative of It by a series of simple multiplier 
stages. As a result, any phase Jitter or frequency 
variation of the IISO Is multiplied by Che same ratio. 
Ttus, the purity of the final signal is controlled by 
the ISO. Lower frequencies are usually generated by 
counting the USO frequency down with digital counters. 
The short term stability is most important for the 
transmis.slon of Information, while the long '■.erm sta- 
bility is most important for maintaining timing of 
sequences of operations and for guidance and tracking. 
High quality USO's maintain long term stabilities of a 
few parts in 10^^ and short term stabilities several 
orders of magnitude better. Relatively little is 
presently known about the stability at temperatures 
above 100°C. In order to determine what might be 
possible, several experimental oscillators are being 
designed at JPL for operation at 323°C. These units 
use special crystals cut to have a zero temperature 
coefficient at that temperature. The oscillator elec- 
tronics is being fabricated with the standard hybrid 
circuit techniques. Experimental oscillators have 
already been tested at 280°C with off-the-shelf crys- 
tals. This circuit operated without failure during the 
two-week test period. The stability of crystal oscil- 
lators at high temperatures depends nut only upon the 
stability of crystal and its Q, but ct the drifts In 
the other electronic components. Clt'Tly, components 
will age faster at high temperatures, and stabilities 
are sure to be poorer than obtained at room temperature 
or wir'i. the best oven controlled crystal oscillators. 
Just how much poorer Is a question chat remains to be 
answered. 

Transmitters 

The measurements of scientific data In a high 
tetaperature environment Is of little use unless the 
infnrmation can be sent out of the environment. In the 
case of planetary exploration, the only feasible commu- 
nications channel Is via radio. The choice of wave- 
lengths Is dictated by thn tranoparency of the atmo- 
sphere, the feasibility cf the entenna structures, Che 
availability of receiving equipment, and the background 
noise level. In the case of Venus, the atmosphere 
becomes opaque in the cm range, and a one-way trans- 
mission loss of 5 dB Is encountered for 4 cm waves. 
Since Venus has no appreciable Ionosphere, longer wave- 
lengths pass freely. The physical size of antemias for 
wavelengths longer than a few meters probably restricts 
the low frequency range to 100 MHz. The radio back- 
ground noise is contributed by the thermal radiation 
from the planet and the radiation from free space. The 
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free space background radiation becomes smaller as the 
vavelength is shortened) so shorter wavelengths are 
generally preferred. Therefore, any transmitter tech- 
nology that can operate in the frequency range from 
100 Mlz to 3 GHz is a potential candidate for our 
purposes. If we restrict our study to devices that 
could operate above 130*C, we find only vacuum tube and 
GaAs semiconductor devices. In the case of vacuum 
tubes, there is no reason to believe that a wide variety 
of devices would not work if special precautions were 
taken in fabrication. Included as possibilities would 
be Klystrons, TWT's, and standard ceramic vacuum tubes. 
Ot these only the ceramic triode vacuum tubes have been 
tested to temperatures of 450*C and found usable. A 
small pulsed oscillator Is being designed and fabricated 
by General Electric for testing at JPL. This oscillator 
could be used as a beacon, a simple telemetering de- 
vice, or possibly a radar altimeter. Vacuum tube de- 
vices have the potential or operating at either con- 
tinuous low power or high peak pulse power, th<is they 
are ideal for pulsed radar and beacon applications. 

GaAs transistors are available and provide the 
possibility of higher efflcien. .es than vacuum tubes, 
since no heater power is required. GaAs transistors 
supplied by Microwave Semiconductor Corporation have 
been tested at JPL to temperatures as high as 210°C 
for a period of 10 days with no noticeable deteriora- 
tion of the S-band performance. Operation of these 
devices to higher temperatures is likely to be possible 
with reduced efficiency. 

Antennas 

Given that a suitable transmitter can be designed 
and fabricated, the power must be radiated to the 
observer. Antennas arc passive devices constructed of 
metal and insulators. They must be structurally solid 
enough that the deformations are small compared to the 
scale size of the wavelength. In general, the more 
directive the antenna is, the more important is the 
structural Integrity. Also important is the resis- 
tivity of the metal surfaces at high frequencies, that 
is, the losses in the antenna are contributed by the 
currents flowing near the surface of the met . 1, there- 
lure, since the resistivity Increases with t.-jiperature, 
the losses will be larger at high temperatures. 

Exposed antenna surfaces will most likely have to be 
gold plated to insure that active gasses in the atmo- 
sphere will not react with the metal raising the 
resistivity and increasing the losses. Some antenna 
components employ ferrite devices for switching, isola- 
tion, hybrid combiners, and so forth. Many ferrites 
reach their Curie point at fall ly low temperatures, 
nind devices dependent upon high frequency magnetic 
materials may not be available to the designer. Other- 
wise, the mtenna system is not considered to be a 
serious problem, but systems to point it are likely to 
be a greater problem. 

Electromechanical Devices 

Electromechanical devices Include such things as 
motors, solenoids, relays, resolvers, synchros, and 
so forth. Transformers are also uaually included as 
simple machines even though they do not employ mechan- 
ical motion. Both adequate magnetic materials and 
magnet wire exist for fabrication of transformers for 
operation to 500‘C. Transformers have been built for 
even higher temperatures, however, commercial suppliers 
are scarce. Recently, transformers have been built by 
General Magnetics for testing at JPL for temperatures 
to 350*C. These transformers have opera id for several 
hundred hours at temperatures between 200*C to 30n*c. 

As a result, we believe that electromagnetic devices 
of all types can be designed. Presently under testing 


are several transformers and reed switches. High tem- 
perature motors were demonstrated by General Electric 
in the 1950's, but apparently this technology has been 
lost. At the present time, tew high temperature 
electromechanical devices can be found, but modifica- 
tions of standard designs should be possible simply by 
substituting high temperature materials for the stan- 
dard materials. 

Deployment Devices 

Spacecraft designers have a number of favorite 
devices for deploying spacecraft systems. Among these 
are various pyrotechnlque devices such as exploding 
bolts. All pyrotechnlque materials become increasingly 
unstable as the temperature increases, and the use of 
such devices at high temperatures seems out of the 
question unless insulation or cooling is provided. A 
number of other deployment techniques seem applicable. 
For example, since the temperature Increases os we 
enter the planetary atmospheres, va* 'ous fusable pins 
and plugs can be used to initiate deployment. Pressure 
sensitive devices may also be practical. 

Conclusions 

There are many applications requiring high temper- 
ature electronics for space exploration. Presently, 
there seems to be no applications requiring systems 
operating above 500°C, where very few electronic com- 
ponents continue to operate. A number of important 
missio.is can be carried out with lOO'C electronics, 
most interesting would be the low altitude balloon 
studies of the Venus. Even more extraordinary would 
be a low altitude airplane imaging .system flying only 
a few hundred meters above the surface. Although it 
r.ay be several years before such missions could be 
considered seriously, a balloon system to study the 
Venusian atmospi re at an altitude of 40 km is being 
designed by the rreiicli Space .^cency and Initial studies 
of 300°C electronics are being carried out at JPL for 
a possible b; lloon mission near an altitude of 18 km. 

Electronic systems that are required Include 
instruments, modulators, ultra stable oscillators, 
transmitters, power supplic.-, and power sources. Many 
of these systems would benefit from further work in 
high temperature .semiconductors. Fspecially lacking 
are high temperature diode rectifiers and microwave 
transistors. New developments in GaAs and Gap devices 
would greatly aid in simplifying the de ign of high 
temperature systems. The ultimate 500°C applications 
will require new technology. Further work on SiC 
semiconductors seem appropriate. The iricegrated 
thermionic circuits being developed by McCormick (1978) 
at Los Alamos Scientific Laboratory coupled with ceramic 
triode transmitters by General Electric could provide 
the basic building blocks for the first entry into the 
area of 500'C exploration. 
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NEEDS FOR HIGH TEMPERATURE ELECTRONICS IN FOSSIL ENERGY PLANTS 


U. W. Managan 
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The purpose of this paper j s to present needs 
tor high temperature electronics In fossil energy 
plants by first discussing several case histories 
on applications and second by discussing the 
measurement methods. This will present some of 
the typical operating conditions encountered In 
addition to temperature as well as the electronic 
requirements of high temperature transducers. 

Emphasis will be placec on unmet measurenent needs 
as identified In a Stace-of-the-Art Suney.^ 

Process temperatures in synfuels plants have 
wide ranges which may be grouped as follov;s: 

1. Ambient (-4P°C to + 125°C) (solar plus 
self heat in enclosures) ; 

2. 800°F (426°C) limit for carbon steel 
piping; 

3. 1500-1700°F (800-925°C) in combustoi 
effluents; 

4. 2500-3200°F, In oxygen fed combustors 
and magneto hydrodynamic channels. 

Oil and gas well logging tools encounter 
operating temperatures of 100‘’-200°C. 

Under sodium viewing and signalling In 
fast breeder reactors can be done at 
<*00°F (200°C) during loading or shutdown 
conditions. 

Measurement methods include: 

1. Ultrasonic, velocity by time difference 
and by Doppler effect (using piezoelectric 
transducers) as well as noise vibration, 
erosion and safety related measurements; 

2. Electromagnetic induction, pressure gauges 
and flowmeters; 

3. Capacitive, velocity by cross-correlation 
and prnsent-by-vjeight solids in two 
phase (slurry) flows. 

All of these, especially the piezoelectric 
and capacitive transducers, may benefit substantially 
by placement of preamplifiers or pulser/receivers 
near the transducers to transmit high level, low 
impedance analog signals or, in the future, fully 
digitized signals. 

Future fossil energy plants will require 
automated control for efficiency, safety and 
environmental acceptability. Electronics and 
transducers capable of operating at and with- 
standing temporary high temperatures will be needed. 


^N. M. O'Fallon, et al., A Study of the State-of-the- 
Art of Instrumentation for Process Control and Safety 
in Large-Scale Coal Gasification. Liquefaction, and 
Fluidized-Bed Combustion Systems . Final Report, 
ANL-76-4 (January 1976). 


9 
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Electronics used In nuclear Instrumentation Is 
compromlsea by restrictions relative to the environ- 
ment (temperature, radiation, pressure, etc.). 
Electronics, by necessity, must be located at 
considerable distances from the measuring point. 

There will Inevitably be many Iil, .ovements 
made In Instrumentation and controls because of the 
three-mlle-lsland Incident. Improved electronics 
capability will complement this surge for safer 
controls. 

Other areas, such as diagnostics, will advance 
rapidly as ability to withstand harsh environments 
becomes reality. The remoteness of temperature 
measurement electronics significantly reduces 
time response. Minimum response time In the 
infant controlled fusion plasma diagnostics and 
control Is vital. 

Fluid density measurements would benefit 
from electronics mounted close to a gamma densito- 
meter detector. This would Improve response time 
and stability. 

In conventional nuclear reactor Instrument 
applications, a continuing engineering problem Is 
the large number of pressure boundary penetrations 
necessary. With electronics capable of withstanding 
severe environments, the number of penetrations 
could be greatly reduced. 

Fiber optics and electronics together capable 
of resisting temperature and radiation, In the 
nuclear reactor realm, would greatly enhance 
measurement capability along with reducing 
mechanical cabling and penetration requirements. 
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Suaaarv 

This paper discusses the needs for high teapera- 
ture electronic and electro'optic devices as they 
would be used on aircraft engines in either research 
and developaenC applications, or operational applica- 
tions- The conclusion reached is that ,-he tempera- 
ture at which the devices aust be able to function is 
in the neighborhood of 500* to 600* C either for R6D 
or for operational applications- In R&D applications 
the devices must function in this teaperatuce range 
when in the engine but only for a moderate period of 
time- On an operational engine, the reliability 
requirements dictate that the devices be able to be 
burned-in at temperatures significantly higher than 
those at which they will function on the engine- The 
major point made is that semiconductor technology 
must be pushed well beyond the level at which silicon 
will be able to function. 

Introduction 

The purpose of this paper is to describe the 
needs for high temperature electronics in the air- 
craft engine field. The viewpoi:... exp-esscd is as 
seen froia the Lewis Research Oerter of NASA in light 
of the fact that a major element of the Center's 
mission is to perform basic research and development 
aimed at improving aeropropulsion systems. This view 
is also based on discussions of the topic with many 
other groups involved in aeropropulsion both in 
government and industry. 

The major areas of research and development in 
the aircraft engine field today are: (1) higher fuel 

efficiency, (2) greater durability, and (3) reduced 
emissions, both gaseous and acoustic. There is a 
fourth major area of work which is not tied so dir- 
ectly with laboratory research and development but 
with flying operational engines. This area is the 
reduction of direct operating cost via reductions in 
the cost of raainterance and improvements in control 
systems. This may well be the most significant moti- 
vator of ail when one gets to the botcori line. 

In this paper we will endeavor to show that all 
these ai«as of work, separately and together, provide 
strong m^wivation for development of high temperature 
electronic end electro-optic devices. 

Requirements for Ground Testing of Engines 

In this section we will discuss the need for 
high temperature electronics for operation on the hot 
rotating turbine disks of engines used for research 
snd advanced development. One urgent requirement is 
for a multiplexer operating at 500* to 600* C. 

The development of a new aircraft engine is a 
very long and expensive process. The process can 
take as long as 10 years from start on the drawing 
board to first engine certified to fly. During this 
process many prototypes are built for testing and 
development purposes. These prototypes, as well as 
individual engine components, are operated repeatedly 
in ground test facilities. For each of these test 
runs the engine or component is instruoiented with the 
maximum number of sensors possible so that as much of 


the desired information as possible >s obtained from 
each facility run. Even after an engine is certified 
for flight, problems arise in its operation on air- 
craft, or ways of improving its operational charac- 
teristics become apparent so that this testing pro- 
cess continues well into the useful life of an engine 
model. An example of this is the REFAN program con- 
ducted by NASA to modify engines like those on the 
DC9 and the Boeing 727 to reduce the acoustic noise. 
This model engins had been in service for many years 
but new pressures generated by environmental concerns 
made it desirable to go back and redesign parts of it 
for reduced noise emission. Thin program, by the 
way, led to the improved engine now on the new 
stretched DC9. 

The net result of all this is that engine and 
engine components receive a lot of testing and this 
is a very expensive process. An individual new 
engine can cost j few million dollars per copy. It 
can take the order of twenty of these to come up with 
the first certifiable copy. The cost to tear down an 
engine, put in new sensors and wiring, and rebuilo 
for ai.othet test run is frequently upward of a 
quarter million dollars. On top of all this is the 
fact that Che cost of performing Che test run itself 
is skyrocketing because of Che rising cost of engine 
fuel and test facility operating power. A typical 
engine test stand capable of altitude flight sianila- 
Cion uses upwards of 50 megawatts. 

These testing costs provide - tremendous impetus 
Coward getting as many sensors on an engine at cm 
time as possible in order to reduce Che number of 
rebuilds and test runs. This is accentuated by the 
fact that every rebuild generates a possible assembly 
error which on rare occasion can result in catas- 
trophic failure causing loss of engine and/or part of 
the facility itself. 

What currently limits Che number of sensors 
which can be insCulled and utilized for one test? To 
answer this one must look at the current reasons for 
engine R&D. As was mentioned in the Introduction, 
two of the main motives for R&D are reduced fuel 
consumption, and greater durability. In this area of 
work, detailed measurements on the hot rotating tur- 
bine are required. The example we will discuss is 
the need for data from this turbine. Here is where 
the need for high temperature electronics arises. 

A fundamental law of thermodynamics, Che Carnot 
theorem, says that greater efficiency results from 
higher turbine inlet temperature. Another fundaiwnt- 
al law (related to Chat of Murphy) says Chat hotter 
rotating machinery is either less durable or weighs 
more. Pirc of the process, then, of producing more 
efficient and durable engines is one of obtaining 
information about the temperatures and stresses with- 
in the turbine to s level of detail never before 
attempted. The level of detail needed in a particu- 
lar sect'on of the engine it, in fact, proportional 
to the severity of condition* in chat section because 
the margin for error is less in those sections tdiere 
the temperatures and stresses are the greatest. This 
leads to the need for far more data Chan ever before 
from the turbine disks and blades. This is the 
hottest part of the engine other chan Che combustor 
itself. In Che turbine the temperatures are not only 
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very high but they ere al«o very non-unifora due to 
cooling flow through aaell bleed hole* within the 
blade*. 

These very saae conditions chat nake full 
instruaencation of the turbine aundatory also sake 
reliable inscrusentacion nost difficult. In u tur- 
bine test of this type, it is necessary to obtain 
data froai Che order of one hundred sensors, like 
themocouples and strain gages. aownCed on the rotat- 
ing blades and disks. All these sensors can be 
-i-'inted but routing the teadwork becoaws iapossibte. 
One is faced with routing a tuw hundred wires down 
fron Che blades and/or disk to Che shaft. Fron here 
they Bust be routed through a hole in Che hollow 
shaft out Co soiK cransaission device such as a slip 
ring assenbly or CeleBetry device to get the data 
fron the rotating shaft to Che stationary data han-- 
diing equipawnC. The problea is that the hole is Coo 
srall and/or the wires are Coo thick. If the hole is 
Bade bigger, the shaft has too little strength and 
its Bechanical resonant frequencies begin Co lie in 
dangerous regions. If Che wires are Bade coo chin, 
they bre. either in installation and/or in opera- 
Cior. Coaipounding this probleB, in full scale engine 
testing, is rhe fact that there is no teleawtry sys- 
ten available today which is capable of handling all 
these channels of data simultaneously in the severe 
environment where it must be located. 

The current practice is to bring all the wires 
to the disk but connect only as many as can be 
brought through the shaft. Alter testing is coaptece 
with this configuration, the engine is torn down 
solely to allow connecting another batch of the 
wires. This process is repeated maybe three to five 
Limes until all the data is obtained. Not only is 
this a terribly expensive process hut by Che time you 
get Co the third or fourth reassembly of Che engine, 
Bany of the sensors and/or wires have failed fron 
either Che rigors of testing or chose of disassembly 
and assenbly. This whole situation is obviously not 
very good. 

What is needed is electronics which can function 
in the vnvironEwnt in Che region of the turbine 
dis't. Here the Ceaperatures are in the neighborhood 
of boo* tu 600° C and the centripetal accelerations 
are tens of thousands of C's. Uhat is needed most 
urgently >s a multiplexer so that all the sensors can 
be read out during a single test run. Given the 
technology to build the Bulciplexer, Che next item of 
interest may be some forw of analog Co digital con- 
verter capable of handling Che Blliivclt level sig- 
nals from thermocouples. .Additionally, a high tem- 
perature telemetry system to send the signals from 
the rotating shaft to a stationary receiver would oe 
highly desirable. The ideal would be one that 
requires no cooling because getting cooling air flow 
to these regions is not only complex and e ipensiv,. 
but also the cooling ait flow itself upsets Che con- 
dition? in the engine Co some extent. It should b> 
noted that the capability for celemecvy, mulci- 
plexii^, and analog to digital conversion it this 
erviranaMnt, except for the high temperature, has 
already been deaMnstra..ed. 

What we have described here is the need for 
rugged electronics to be used at sink temperatures of 
about 500* or 600° C. It is most important that 
these devices work reliably for Che order of 50 to 
too hours St test conditions. This is not continuous 
operation, though, because typical test runs last 
from 2 to 10 hours. More will be said about reli- 
ability in the next section when we deal with the 
problems encountered on engines that are on opera- 
tional aircraft. 


Requirements for Cpe ra tional Engines 

In this section we will develop the needs for 
high temperature electronics on operational engines. 
Even though we will arrive at the tame temperature 
level requirement of 500* to 600* C, it will be for a 
different reason. The functioning temperature level 
of the electronics on an operating engine will be 
about 300* C but reliability will dictate a much 
higher burn-in temperature. 

The most significant problem with operational 
aircraft engines today is that their direct operating 
costs are too high jnd getting higi.er. Certainly the 
rising cost of fuel is a major cunlributor Co this 
problem. It is Che root reason for Che RAD aused at 
reduced tuel censumption. However, fuel costs are 
not the only major constituent of direct opersting 
cost. Another major factor is engine maintenance. 

As the engines become more sophisticated and complex 
in Che interest of reduced fuel consustpCion and lower 
weight, they also became more difficult and costly to 
oaintain. This has led cc emphasis on greater dur- 
ability a.td to Bodularizac ion of engine designs. 

Because we seem Co be hammering away at costs so 
hatO here, the reader may get the impression Chat 
these problems apply primarily to the civilian 
fleet. Hot so. The military is also acutely con- 
cerned with these cost problems both because of their 
budget constraints and because they are flying the 
latest, acsl sophisticated engines which have not yet 
developed Che maturity and refinement ot design that 
usually leads to reduced maintenance costs. 

How does oie know when to pull an engine from 
service and tear it down for siaincenance? The laost 
coomon criterion is that a particular component of 
the engine has operated tor a predetermined nu..ber of 
hours or cycles. Another common criterion which is 
used to determine when Co remove an engine is chat 
the required thrust cannot be achieved without 
exhaust gas CempeisCure exceeding a permissible 
level. This temporacure is monitoreo for just this 
putpose. It this temperature gets too high the tur- 
bine life is drastically reduced. There are ocher 
criteria used for removing an engine such as Che 
belching of strange looking flames or smoke from Che 
ta*l pipe or Che emission of atypically cacophonous 
sounds snd vibrations. Though these will not be 
considered significant for the purposes of this 
paper, they are usually considered urgent in the 
extreme by chose aboard the aircraft. 

Ihe approaches cn sutntenance described above 
are not necessarily cost effective. The fact that an 
engine has operated for a given number of hours or 
cycles says nothing of Che conditions under which it 
operated. In the interest of safety, these intervals 
are usually set shorter than really necessary so Chat 
maintenance is frequently performed on an engine that 
really does not need it. Exhaust gas temperature is 
only a very gross indicator of health so that the 
engine may be in sore need of maintenance before this 
cricorion demand.^ it. An alternative approach, which 
has been tried with some instances of success, is an ' 
engine monitoring system. The ideal SKiciCoring sys- 
tem would be on the engine. It should collect data 
on selected engine parameters and process this data 
to a form Chat indicates whether the engine needs 
maintenance, points to the component needing the 
maintenance, and, perhaps, apecifies what maintenance 
is needed. Such a aytlem, coupled with the moduler- 
ity of modern engines, will allow rapid access to the 
parts needing repair or replaceMnt bated on actual 
performance date. However, the modularity require- 
Mnt dictates that at least toate of the electronics 
required for engine monitoring be located on the 
engine.^ 

The need for such an engine condition monitoring 
system leads rather directly to the need for high 
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teaperature electronict. The devices needed here are 
for sensor signal cooditioningt signal transaission. 
and a amnitoring coaputer. Coapared with Che re- 
quireaent discussed in the previous section on ground 
testily needs. Che device requireaenCs dictated by 
this aonicoring systea at first appear Cu be quite 
benign. There are far fewer sensors needed. They 
are probably not in the rotating environswnt. The 
signal conditioning, transaission. and coapucing 
equipaent will not be located right in the very 
hottest parts of the engine but on Che outside casing 
soswwhere where tiie Ceaperatures are loieer. Careful 
consideration of this system, though, leads Co the 
conclusion that Che requireaents aay well be as 
difficult Co satisfy. 

The operating Ceaperature requirev<ents for this 
aonicoring systea u-oally coae out Co be about 300° C 
for high perfonsaiice military aircraft or Che possi- 
ble future supersonic transport. ^ Tliis temperature 
is set by the faot that Che coldest air available at 
maximum speed and altitude is at what is called ram 
air temperature or total Ceaperature at these flight 
conditions. Every other available fluid temperature, 
except that of Che fuel, is higher. Fuel cooling of 
the electronics is now being used in some cases but 
it is very undesirable from Che standpoint of com- 
plexity. weight, and leak potential. Thus 300° to 
400° C seems a reasonable target for flight engine 
monitoring devices. This level does not seen very 
severe until one considers the problem of reliability. 

Whereas, in Che previous section w^ came up with 
operating time requirements of about 100 hours, in 
the flight monitoring system we need thousands of 
hours of absolutely trouble free operation. The 
priaury reason for this is Chat you will not reduce 
SMintenance cost if your monitoring syst> tails. 
Failure of the aionicoring systea will result in 
either premature engine repair or in monitoru-.g sys- 
tem repair or. far worse than these, the indication 
that the engine is healthy when it is not. This 
leads CO the inescapable conclusion that very hign 
reliability is needed. 

Coamran practice for achieving high system reli- 
ability for a given functional teuperaCure is to use 
components that have be< n burned-in at a significant- 
ly higher temperature in order to weed out potential 
failures. The higher Che burn-in temperature, the 
shorter Che burn-in must be to weed out tlie bad 
parts. An accepts' le burn-in temperature would be 
about Che sasK as t-ie tempera'.cre required for ground 
test applications discussed earlier. 

A further requirement on operational engines 
arises from the need for more sophisticated engine 
control sysCtsss. This is being pursued by going to 
all electronic controls. These controls are required 
in order Co achieve peak performance with high effi- 
ciency, long life, and safety. Requirements for 
modularity, flight safety, and combat survivability 
dictate that this control system be located on Che 
engine.^ This puts it also in an environment like 
Chat discussed ^or the monitoring system. Indeed Che 
control computer may also be the monitoring com- 
puter. Thus, engine control requirements result in 
about Che s.,iiie environmental and reliability needs 
for electronic devices as do chose of the sKinicoring 
system. 

We should point out here that there is also a 
n«ed for optic and electro-optic devices to operate 
on th'.‘ engine. This need arises primarily in mili- 
tary aircraft. Fiber-optic, rather than electronic 
cable, transmission of data from place to place on 
Che aircraft brings the significant advantages of 
enhanced freedoai from electromagnetic interference 
and the ability to send data over multiple paths 
without incurving the weight penalties of multiple 
electronic cables. Since much of the data originates 
on tha angina, at least some of the electro-optic 


devices and fiber optic bundles will reside on the 
engine and therefore have to operate reliably in the 
same therx:al environment as the monitoring and con- 
trol electronics. 

To summarise this section, the needs of opera- 
tional aircraft engine monitoring and control dictate 
electronic and electro-optic devices capable of very 
high reliability while operating at temperatures not 
too much higher than 300* C. This reliability re- 
quirement, we believe, will require burn-in at the 
500° to 600° C temperature level. 

Coocludin,* Resiarks 

In this paper we have discussed the needs for 
high temperature electronics and electro-optics as 
they would tie used on aircraft engines in research, 
development, and operation. The conclusion reached 
is chat the temperature at which the devices must be 
able to function is about the same either for R&O or 
for operational applications chough Che reasons for 
arriving at this estimated temperature are quite 
different. In R&D applications the devices must 
function at this temperature when in the engine but 
only for a moderate period of time. On an operation- 
al engine, the reliability requirements dictate that 
the devices be able to be burned-in at temperatures 
significantly higher than those at which they will 
function on the engine. 

We have been purposely vague in defining Che 
temperature goal as b.'ing around 500° to 600* C 
because there are arguments for a goal a hundred 
degrees above and below this temperature range. The 
major point to be laade is chat we must push well 
beyond the level at which silii >n will be able to 
function. 

As a final though!, we would like to say that 
all of this consiituCes Che just if icac ion needed Co 
get support for a program aimed at high temperature 
electronics. It probably has little Co do with the 
most significant future applications of these de- 
vices. They are present ly unknown- Consider the 
original ju.sc if'icat ions for developing integrated 
circuits. Th-y were to enable smell, low power cir- 
cuitry for spacecraft applications. As it has turned 
out, they were indeed useful for these purposes but 
these uses have provea Co be of trivial impact -in 
society relative co the other, more mundane uses to 
which they are now being applied. At Lewis we had a 
high temperature electronics prog.-am going in Che 
late 60' s and early 70* s aimed at Che needs of 
nuclear power systems for spacecraft. When chat was 
no longer supported the electronics program went down 
the Cubes with it. Now we are starting up essen- 
tially Che same program for completely different 
reasons. We cannot help but feel that high tempera- 
ture electronics will indeed have wide application 
not only to Che areas discussed at this confeience 
but also Co far more important areas which we just do 
not have Che vision to predict. 

References 

!. Avionics, Controls 6 Human Factors Technology Plan, 
Volume II - Program Elements Descriptions. 

NASA, Office of Aeronautics and Space Tech- 
nology, 1979. 

2. High Temperature Electronics Technology, Phase I. 
R80AEG212, General Electric Aircraft Engine 
Group, 1980. 




PRESENT AND FUTTIRE NEEDS IN HIGH TEMPERATURE ELECTRONICS 
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Introduction 

Thi economic and political conditions which have 
increased the cost of fossil fuels along with changes 
in government regulations which have provided the in- 
centive to produce hydrocarbons from depths greater 
than 15,000 feet, has encouraged the oil exploration 
industry to drill to depths not pieviously considered 
economically producible. Thii increased drilling 
activity has placed more demands upon the well logging 
service companies to provide a wide rang-' of logging 
and completion services for wells with bottom hole tem- 
peratures greater than 2C0“C and pressuio.s in excess of 
20,000 psi. An example of this type of activity is 
along tne U.S. Gulf Coast, which has a high geothermal 
gradient that can priviuce temperatures as high as 250 
at depths of only lA.OOO feet. 

Standard downhole tools for well Iccging measure- 
ments are tVTically rated to;- an environment of 175°C 

ambient temperature and pressure of 20.0C0 pst^. The 
ability to log the higher temperature wells has ge.ier- 
ally been limited to engineering developmental tc,ols or 
tools in which the electronics section is he ^sed in 
insulating dewar flasks with heat sink compounc. ca- 
pable of maintaining component ' emp*. ratures below 
150“C. The limitation in power available from portable 
pewer -units has limited the use of thermoelectric units 
for coolinti. 

The Challenge 

Deep wells with temperatures and pressures above 
idle lia.if s of the standard tools have been considered 
as cu' o-.ities and very limited in nuii^r; thus, tne 
■use w special tools prepared and operated by engineer- 
ing personnel, although expensive, was accep>table. 
However, as deep pa'/s have been prove:, and the economic 
incentive to ptocuce these wells ha;. : -creased, the 
amc -.t of deep exploration activity has significantly 
increased. The logging service companies have found it 
necessary to develop tools that can be accurately run 
by field personnel and which give reliable perforraarce 
for several h-indred hours at temperatures greater than 
200°C. 

Not Dnly has the Jeep well put more severe tera- 
pjcr *■ «e requirements on the tools, but the need to 
iu.e expensive drilling rig downtown has dictated 
. .at a number of different tools be run in cnmbinaticn 
on a single logging run. This need has increased the 
comp' cy of the tools by requiring extensive analog 
signal conditioning, as well as the addition of a digi- 
tal communications system to transmit the large amounts 
of sensor data to the surface over the limited number 
of lines available in the logging cable. 

Increased complexity in the tool electronics would 
normally mean an increase in the tool length since 
drilled hole limitations restrict tho maximum tool di- 
ameter. However, to reduce tool string lenath and 
weight, emphasis is placed r. elimination of flasks and 
the miniaturization of electronics through the ... of 
medium and large scale integrated circuits and the com- 
bination of ICs and discrete rimponents into hybrid 
microcircuits. 
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It is this requirement that forces the well log- 
ging tool designer to design for reliable aeration at 
high temperature and to put as much circuitry as pos- 
sible into the small space available. To meet this 
need the designer must have a wide range of semicon- 
ductors, piassive electronic components, and dielectric 
materials coosiercially available. The key point here 
is ”coimiierclal availability” such that *-ools can be 
designed and then manufactured in sufficient quantities 
to supjpsort the expanding field requirements. 

A successf-.i high tetqierature logging tool is a 
combinatior wf various mechanical and electronic com- 
ponents -».tb special consideration required in the 
application of metals, elastosiers, --ables, pressure 
C seals, feed thrus, as well as electronic components. 

The following limited discussion addresses only a 
senment of this - the electronic components. 

The Coaponents 

Functiona l Blocks 

The preferred component for a downhole logging 
tool IS actually a functional block, either monolithic 
or hybrid, which integrates a complete schematic block 
into a single package characterized and tested for high 
teigierature operation. This allows maximum 'itilization 
of available space in the pressure sealed housing and 
gives added assurance that the system will function 
properly after assembly. The other major contribution 
of the functional block integration is the improved 
reliability obtained with c ..-ponent prescreening and 
reduced number of packa.ges with the resulting fewer 
interconnect.' . 

Some types of electronic functions which are uti- 
lized and needed foi downhole tools include the follow- 
ing: 

1. Voltage Regulators - linear and switching 

2. Precision Voltage Reference 

3. Instrumentation Amplifier with lOOdB CKRR 
A. D to A and A to D, 12 Bit Converters 

5. Wide Bandwidth Ojorational Amplifier witn tempera- 
ture stable bandwiuth and offset 

6. Precision Comparator 

7. High Current, Wide Sand Linear Driver 
6. Phase Sensitive Detector 

9. FET Switch and Driver with low leakage and ON 
resistance 

10. S 2 unple and Hold 

11. logic family 

12. Crystal Controlled Oscillator 

13. V to F Converter 
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Preferred specifications at 200*C for the functions 
listed would be the sane as for better parts presently 
available at 12S*C. Operation with soae specification 
degradation to 2S0*C would be acceptable. 

Relays 

Relays in downhole tools are kept to a minisnot, 
but if wade wore reliable, would be used. A holding 
relay which dissipates power only tdten actuated is 
desirable. At least a DPDT. crystal can size relay with 
self-wiping contacts for dry circuit to one as(> loads 
is n'eded. More poles and saaller size (TO-S) would be 
a bonus. 

Thyristor 

SCRs capable of switching up to 35 asps of current 
and blocking 800 volts with less than 2.S milliaaips 
leaJcage at 2S0*C are needed for po%ter control and con- 
trol of capacitor discharge. 

Diodes 

Kith aany of the radiation logging tools requiring 
high voltages, there is a particular need for rectifiers 
with reverse breakdown voltages greater than 3000 volts 
at leakage currents less than 25 aicroanps at 25;i*c. 

It is expected that GaP devices might fill this require- 
ment. but they have reeained as laboratory specimens 
rattier than cunmercial catalog items. 

Capacitors 

Capacitors with the low dissipation factor of Tef- 
lon (O.St) over temperature, the TC of NPO Ceramic 
(4 30 ppm/*C) and a high volumetric efficiency are 
needed. Capacitors with these characteristics are 
needed particularly for applications such as active 
filters and sample and hold circuits. Although Ruby 
Mica offers the low dissipation factor and high tempera- 
ture operation, its TC exceeds the desired OO ppm. 

Resistors 


or to isolate m electrode from an adjacent conductive 
housing. For temperatures up to 200*C this has been 
accomplished by use of epoxy/polyimide glass lasdnate 
because of its mechanical strength and its ability to 
be machined to precise dimension in any shape. The 
epoxies presently used begin to deteriorate rapidly 
with storage at temperatures above 200*C so nm mate- 
rials are needed to extend this capability. 

Conclusion 

Hew developments ^u 1 d increased vendor interest in 
high temperature electronics have definitely improved 
the availability of components for hostile envirora^nt 
equipment. This paper has attempted to show that the 
market continues to expand and opportunities exist for 
the continued growth of cixmeercial products in well 
logging services. 
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Fixed resistors using metal films have operated 
satisf actor ..ly up to 250’C and beyond, but a trimmer 
potentiometer is needed that will maintain its setting 
over this same range of temperature. Since thick film 
resistive elements on ceramic arc suitable for high 
temperature, the major factor in obtaining such a device 
is in the mechanical design of the contact and drive 
mechanism to maintain the precise setting over such a 
wide temperature range. 

Although selection of fixed resistors to compensate 
for circuit variations is an obvious alternative, it 
gives considerable difficulty in field calibration and 
alignment. 

Magnetics 


Inductor and transformer design with existing ma- 
terials has allowed ror operation up to 200*C for some 
time. Operation above this temperature for extended 
periods awaits the development of more stable magnetic 
materials and higher temperature wire insulation. 
Although the designer can remove transformers from most 
small signal circuitry, the need for power transformers 
for low loss conversion of downhole supply power is 
still in^rtant. 

Dielectric .iaterials 


In several types of logging tools, there is a need 
to fabricate portions of the tool from a dielectric 
material to permit the transmission of electric fields 
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Thin film technology has been well-established 
as a viable and necessary part of modem microelec- 
tronics. Extending the technology of thin films for 
use at hl^ teaperatures has required the development 
of new materials and processes In order to meet the 
required electrical specifications at elevated tea- 
peratures. By developing thin flly. components for 
high temperature applications such as geothermal well- 
logging, aircraft engine instrumentation, and nuclear 
reactor monitoring, it will be possible to provide 
high circuit density and laqiroved reliability. 

One of the major objectives In developing thin 
fllA materials and processes has been to ensure that 
they would be fully compatible with standard silicon 
integrated circuit technology. This would lead to 
the ability to adapt one or more of the processes In- 
to existing processing lines %rlth minimum disturbance. 
The passive components must also be compatible «rlth 
hybrid circuit fabrication and. If possible. Inte- 
grated Thermionic Circuits. 

Research nnd development work at The University 
of Arizona has been directed toward resistors, capa- 
citors, and Interconnect s'itallzatlons. The use of 
Low Pressure Chemical Vapor Deposition (LPCVD) has 
been used In material development and component fab- 
rication. This is a major departure from the stan- 
dard thin film deposition method of sputtering and 
thermal evaporation. LPCVD by Its very nature is a 
process which allows the passive components to be 
fabricated at temperatures higher than their highest 
required operating temperature. 

The deposition of thin films by LPCVD Is accom- 
plished by reacting one or more gases on the surface 
of a heated substrate. The major comprnents of an 
LPDVD reactor are illi-.strated in Figure 1. 



Is coupled Into the graphite susceptor causing it to 
heat. Temperature of the susceptor Is measured with 
a type-K therwcouple. 

The vacuum pump Is a special chemical-grade rough- 
ing pump designed to withstand the pumping of cor;roslve 
gases. Prior to the application of RF power, the at- 
mospheric pressure is reduced to the pressure limit of 
the pump; the carrier gas is turned on, and the pres- 
sure set. Pressures of several torr or less 

are typical, with carrier flow rates of 0.1 to 2.0 
llters/nln. Nitrogen, hydrogen and helium are typical 
carrier gases. These are controlled with mass flow 
controllers and the pressure Is continuously monitored 
with a capacitive manometer. 

Material selection is of primary Importance in 
designing high temperature passive components. All of 
the materials must have the desired electrical proper- 
ties, and they must also have compatible mechanical 
properties including coefficient of expansion, stress, 
and aiV-.orence. Without t. “ required mechanical proper- 
ties, the components would not survive long enough to 
test. A group of materials that can be deposited by 
LPCVD and which also are electrically, chemically, and 
■sechanlcally well-matched are: 

(1) Tungsten 

(2) Tungsten-silicon 

(3) Silicon 'tride 

Substrate materials are equally important for the same 
reasons; the two substrates recommended are: 

(1) Oxidized silicon wafers 

(2) Sapphire. 

The reactions to fore the materials are: 

WFg SHj ■* W + 6HF 

WF, -*• SIH, -t H. - W - SI + HF 
6 4 c 

3S1H, + 4NH, -* Si.N, + 12E, 

4 3 3 4 2 

Not only must the materials be compatible, but so also 
must the deposition reactions at elevated temperatures 
so that the deposition of one material does not destroy 
the previously deposited thin film layers. 

Delineation of the materials Is accomplished with 
standard equipment and processes used In silicon IC 
fabrication. The thin filizs can be etched by wet chem- 
ical etches, or by plasma etching. Negative photore- 
sist has been used since the developers for positive 
photoresists are basic and therefore tend to etch the 
tungsten. 

Specifications for thin film resistors required 
stable operation to 500° C. with temperature coefficients 
of resistance (TCR) less than 50 ppm/°C. over the entire 
temperature range. The material selected for the re- 
sistors was tungsten-silicon deposited by LPCVD. The 
characteristics of the tungsten-silicon can be adjusted 
to iseet the requireiaents of high temperature ep.^’-ntlon, 
stability, and low TCR. 


Figure 1. Pictoral representation of the major In- 
ternal components of the LPCVD reactor. 

The substrates to be coated are placed on the 
graphite susceptor and then loaded into the center of 
the quarts reaction tube. RF power is applied to the 
coll on the outside of the reaction tube which in turn 


Tungsten-silicon Is grown from the reaction of 
tungsten hexafluoride, silicone, and hydrogen: 

WFj + SIH^ + * W - Si HF -f 


The ratio of tungsten to silicon can be varied. The 
TCR can be made both positive or negative depending on 
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tlw proc«aa paraaetara uaed. Figure 2 la a raalatance 
va. taaparatura curve for a W-Sl rcalator. Typical re- 
aletivlty of the tungtten-aillcon uaed for the resia- 
tora la 2,500 mO>co. Sheet resistors range froa 50 to 
lOOO n/0 and TCR val<tes froa -SO to SO ppa/*’C. The 
process Is coapattble with silicon IC fabrication and 
tMn ftla capacitor processes. 



Figure 2 ; Resistance versus temperauire curve for a 
W-Sl thin film resistor TCR - +6 ppm/®C. 


The thin filn capacitors are designed to operate 
from room temperature to 350” C. and to fill the need 
for high temperature capacitor with capacitance up to 
0.1 uF. Work voltage is specified at two points: 

(1) 50 WVDC at 25° C, 

(2) 20 WVDC at 350° C. 

With a 20-volt bias applied across a capacitor 
at 350° C., the DC resistance must be greater than 
1 X lO"^ n. 

Dissipation factor is required to be less than 
0.010 at 1 KHz. over the above temperature range. 

Capacitors are parallel plate structures using 
oxidized silicon wafers as substrates; however, sapphire 
could be used. A cross-section is illustrated in 
Figure 3. 


siucos wmm-M 



Figure 3 ; Cross-section of thin film capacitor. 

Tungsten Is used for the parallel plate 
electrodes, and silicon nitride Is used for 
the dielectric layer and the passivation. 
All materials with the exception of the al- 
uminum bonding pads are deposited by LPCVD. 


The electrodes are turgsten and the dielectric layer 
and passivation are silicon nitride. Bonding prds are 
theraally evaporated alualnua. 

With LPCVD deposition of the layers, pinhole prob- 
lems in the nitride have not been encountered, and It 
has therefore been possible to fabricate capacitors 
with several square centlaetera area. Typical capaci- 
tance la 0.02 uF/ca.^; areas as large as 4 ca. have 
been used. 

The relative dielectric constant of the silicon 
nitride la 8.6 and the dissipation factor due solely 
to the silicon nitride Is 0.0002. Forlarge value ca- 
pacitors, the series resistance term becomes the domi- 
nant factor in increasing the dissipation factor. The 
total dissipation factor is generally less than 0.003 
at 350° C. and 2.0 KHz. 

In order to meet the DC resistance requireaents, 
it is necessary that the silicon nitride have very low 
conductivity. Tfie conductivity is a function of both 
the temperature and Che applied electric field so both 
must be considered when designing a capacitor. Capac- 
itors which were fabricated exhibited a teaperatrre co- 
efficient of capacitance of approximately +70 ppa/°C.; 
a typical capacitance-temperature relationship is shown 
in Figure 4. 



Fipure 4 : Capacitance as a function of temperature 
for a thin film capacitor. 


The processing needed to fora high temperature 
capacitors with areas up to 4.0 cm.^ and capacitance 
values to 0.1 pF has been developed to Che point where 
it can be transferred to commercial production. 

Table I shows the salient features of the process. 

By extending the use of the LPCVD tungsten, inter- 
connects between passive components can be formed. If 
the tungsten Is deposited directly over the surface of 
a silicon wafer that has been processed to the point 
where It Is ready for the metallization, tungsten can 
be substituted for the noraal aluminum Interconnect 
metallization. 

Aluminum as an Interconnect metal on silicon inte- 
grated circuits has a number of problems when high cur- 
rent densities and high operating temperatures are 
present. Under these conditions, electromlgratlon 
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of the almlnua can occur, cauaing the phyalcal trans- 
port of aiUcon out of the contact regions of the sili- 
con. 


TABLE I 

HIGH TEMPERATURE CAPACITOR MANUFACTURING PROCESS 

1. LPCVD TUNGSTEN - 2,000 A. 

2. PHOTOLITHOGRAPHY - BOTTOM ELECTRODE 

3. LPOT) - Si,N, (3500 A) FOLLOWED BY LPCVD TUNGSTEN (2000 A, TOP ELECTRODE) 

3 4 

4. PHOTOLITHOGRAPHY - TOP ELECTRODE 

5. LPCVD - SljN^ (1,000 A, PASSIVATION) AND LPCVD TUNGSTEN (2,000 A, USED AS ETCH MASK) 

6. PHOTOLITHOGRAPHY - CONTACT WINDOWS IN TUNGSTEN ETCH MASK. 


7. ETCH SijN^ 

8. PHOTOLITHOGRAPHY - REMOVE ETCH MASK 

9. ALUMINUM CONTACT EVAPORATION 

10. PHOTOLITHOGRAPHY - ALUMINUM CONTACTS. 

11, TEST. 


Failure of the interconnect then occurs; the failure 
rate is accelerated as the temperature is Increased. 
Failure can also occur because of poor step coverage 
of the aluminum used in silicon IC. Tapered regions 
in the Interconnects often form In the bottom ol the 
steps during the deposition process. 

Tungsten was investigated as a possible material 
for use with high temperature silicon IC to avoid the 
problem of premature failure of the metallization at 
elevated temperatures. 

The contact regions between tne tungsten inter- 
connect and the silicon must form ohmic contacts. 

This was investigated as a function of silicon doping, 
process parameters in the tungsten deposition and tem- 
perature. Ohmic contacts were formed in both n- and 



lO'^ cm.~^ to 1.0 X ip^® cm.”^. The ohmic character- 
istic of the contact is seen in the linear I-V rela- 
tionship for a 10 urn X 10 um contact shown In Figure 5. 
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Figure 5 ; I-V . jrves for ohmic contacts to n- and p- 
type silicon. The solid line represents tungsten met- 
allization, and for the comparison, the dashed line is 
for an aluminum/sillcon contact to n-type material. 


Tests for electromigration were made using two 
metallization strips; each strip was 10 urn wide and 
0.5 wm thick. They were designed so that the current 
could be injected into or brought out of th' tungsten 
through a silicon contact or through the tungsten alone 
One strip was designed to traverse .5 iim of oxide strips 
The contact resistance between the silicon and tungsten 
could also be monitored separately. 

No evidence of electromigration wa« seen in the 
tungsten at current densities of 4 x 10® A/cm.^ for 72 
hours. Tests were run at substrate temperature from 
25° C. to 300° C. The actual temperature of the inter- 
connect was somewhat higher due to the power dissipated 
by the test current. 

Critical current densities (current density at 
point of interconnect failure) were 4.5 x 10® A/cm. ^ for 
S 13 N 4 passivated tungsten, and 5.7 x 10® A/cm.^ for 
hydrogen-annealed tungsten, 

SEM microphotographs of the tungsten over oxide 
steps Indicated excellent step coverage. No failures 
due to exceeding the critical current densities occur- 
red in the step regions, 

Schottky diodes were also formed between the tung 
sten and the silicon wafer; however, they were leaky. 

It is now felt that the leakage current was the result 
of improper diode design rather than an inherent prob- 
lem in forming good Schottky diodes between silicon and 
LPCVD tungsten. 


This work was sponsored by Department of Energy, 
Division of Ceothemal Energy. 
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DEVELOPMENT OF AN 1100°F CAPACITOR* 


Robert E. Stapleton 
Panelvlsion Corporation 
2fi5 Kappa Drive 
Pittsburgh, PA 15238 

SUMMARY 


The feasibility of developing a high 
temperature capacitor for 1100°F operation 
which is as small and light as conventional 
capacitors for normal operating temperatures 
is discuss€Kl in this paper. 

Pyrolyic boron nitride (PBN) was select- 
ed for the dielectric after evaluating three 
other candidate materials at tanperatures up 
to 1100°F. PBN capacitors were made by slic- 
ing and lapping .-naterial from thick blocks 
and then sputtering thin film electrodes. 
These capacitors had breakdown strengths of 
7,000 volts per mil and a dissipation factor 
of less than 0.001 at 1100°F. 

Additional processing improvements were 
made after testing a multi-layer or stacked 
PBN capacitor for 1,000 hours at 1100°F. 
Sputter etching the wafers before depositing 
electrodes resulted in a 2-3 fold reduction 
in dissipation factor. A sputtered boron 
nitride fiLm applied to the outer electrode 
surfaces produced a more stable capacitor. 
This data will be presented together with a 
design for a 0.1 pF capacitor and a summary 
of PBN wafer fabrication costs. 

INTRODUCTION 

Capacitors were one of the electrical 
components that limited the operating temper- 
atures in the advanced electric power systems 
being developed for spacecraft in the 1960s. 
As electric power requirements in spacecraft 
increase, the amount of power lost as heat 
also increases. This heat must be ranoved to 
keep temperatures from building up beyond the 
operating limits of the electrical compo- 
nents. Specially designed mica capacitors 
were available for 750®F operation but these 
devices were larger and heavier than s^:andard 
units. In order to build a higher tempera- 
ture-lightweight capacitor, a better die- 
lectric was needed. 

MATERIAL SELECTION 

At least ten different dielectric mater- 
ials were considered Initially as candidates 
for a high temperature capacitor. From pub- 
lished data, four likely materials were sel- 
ected for test: single crystal AI. 2 O 3 , poly- 

crystalline AI 2 O 3 , hot pressed BeO and pyro- 
lytic boron nitride (Pyrolytic boron nitride, 
formed by a chemical deposition process at 
3600°F, is a denser and purer material than 
compressed and sintered boron nitride) . 

Wafers were sliced from blocks or pieces of 
the candidate materials and then lapped and 
polished. Since capacitance varies inversely 
as the thickness of the dielectric material, 
the wafers were made as thin as practicable. 
The thinnest wafers were produced from pyro- 
lytic boron nitride (PBN) . This material is 


soft (Moh's scale-2) and less brittle. It 
was found that PBN could be lapped into flex- 
ible, pin-hole free wafers as thin as 0.0004 
inches from thick blocks of starting material 
( 1 ). 

After careful cleaning, thin film elec- 
trodes of platinum - 20 % rhodium were applied 
by DC triode sputtering. Glass masks were 
used for pat' ern definition. A small test 
furnace was built to fit inside an 18-inch 
glass bell jar that was pumped to the test 
pressure of 1-4 x 10-7 Torr with a liquid 
nitrogen trapped diffusion pump. Elec- 
trical tests of the single wafer capacitors 
in vacuum at temperatures up to 1100 '^ 
showed that pyrolyic boron nitride was by 
far the best materia). The dissipation 
factor of PBN capacitors was less than 
0 . 001 , 10 to 100 times better than that of 
capacitors made from the other candidate 
materials as shown in Figure 1. 



Figure 1. Comparison of Dissipation Factor 
Versus Temperature for Candidate 
Purity Materials. 
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Figure 2 shows that the change in capacitance 
from room temperature to 1100°F was minus 1.7 
percent cor.pared with plus 10 percent for 
single crjatal AI2O3. The measured DC break- 
down voltage was 7,000 volts per mil for a 
0.001 inch PBN capacitor at 1100°F, compared 
to 1800 volts per mil for the closest com- 
peting material (single crystal AI2O3). 



Figure 2. Change in Capacitance From Room 
T'j.mperature to 1100®F for Candi- 
date Materials. 


PYi-.OL YT IC BORON NITRIDE CAPACITORS 

To obtain higher capacitance units, 
individual P3M capacitor wafers were sliaped, 
electroded with sputtered platinum and stack- 
ed. Actual capacitor wafers (rectangular and 
round with tabs) are shown in Figure 3. 



The platinum sputtering targets were posi- 
tioned on opposite sides of a wafer. The 
wafer was clamped between two glass macVr. as 
shown in Figure 4 so that both surfaces of 



Figure 4. Glass masks used 'or sputtering 
electrodes or. tah'bed v;afers. 


the wafer were coated at the same time in- 
cluding the conducting path around each tab. 
By properly orienting the tabbed wafers, 
alternate electrodes are connected together 
as shown in Fiqure 5. The total measured 
capacitance of each stack is then the sum of 
the capacitances of all wafers. 



Figure 5. A Five-Layer Stacked Capacitor 

Showing Tabbed Wafers and Electrode 
Geometries and Electrode Orienta- 
tion Necessary for Parallel 
Electrical Intt'rconnection. 


Figure 3. Photograph of Rectangular PBN 
Capacitor Wafers and tabbed 0.750-inch 
diameter wafers. 
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TABLE 1 

Pyrolytic Boron Nitride Capacitor Compared with Lower-Temperature Capacitors* 


Capacitor 

Type 

DC 

Working 

Voltage 

Maximum 
Operating 
Temp. (°F) 

Capacitance 
per Unit Volume 

(pF/in.3) 

Volumetric 

Efficiency 

(pF-V/in.3) 

Capacitance 

Change from Dissipation 
Room Temp. Factor 

to At 1 kHz 

Metallized 

Polycarbonate 

600 

200 

0.54 

320 

200°F,+1% a.002 

at 200°P 

Teflon, Foil 
Electrodes 

200 

400 

0.64 

127 

400°F,-4% 0.001 

at 400°F 

Mica 

(commercial) 

15C 

750 

0.13 

19 

750^F,-4% 0.02 

at 750°F 

Mica 

(experimental) 

250 

900 

0.03 

8 

900°P,-25* 0.10 

at 900°P 

Pyi lytic 5 Q 

Boron Nitride 
(5-wafer stack) 

♦Values are typical ^or 

1100 

the general 

0.8 to 1.74 400 to 1740 400°F,-05% O.OOl 

(uncased) (unoaswjd) 1100°F,-1’. i 0.003 

typ’s of dielectric systems indicated. 

at 400°F 
at llOOOF 


Electrode thickness is negligible (about 
0.00001 inch) making the total stack height 
essentially the sum of the thicknesses of the 
PBN wafers. This construction produces high- 
er capacitance per unit volume than that of 
other capacitor types, and also considerably 
higher volumetric efficiency. These and 
ot>ier qualities are compared in Table 1 for 
a PBN capacitor and several commercial 
capacitors. 




1 10 100 259 477 1000 10 000 


(Haims) 

Figure 6 • COano* in tna Xatl^a of a 100 and ^ x 100 

•• • Punctipn of TiM «nd Incr«M«d DC Enorgiting 
Voltovd* • Plvo-Vofor Nulei*Loyor Pyrolytic 
ioroii Mitrido Copoeitoc with fputtcrod 
Plotinia lloetrodoi in Vacuun at 1100* P 


A 5 wafer PBN capacitor was life teste-.l 
at llOOOp in vacuum for a total of 1120 hours 
at a DC voltage stress up to 1,000 volts per 
mil. Figure 6 shows the change in dissipa- 
tion factor and capacitance as functions of 
time and increasing voltage. Note, however, 
that a more rapid change in capacitance 
occurred at 477 hours which corresponds to 
an increase in energizing voltage from 750 
to 1,000 volts per mil. Subsequent analysis 
showed that these changes were probably du«* 
to a slight separation of electrodes fran Ihe 
wafer surfaces in the stacked capacitor. 

FABRICATION IMPROVEMENTS 

Two methods were developed to improve the 
electrode adherence on PBN wafers in a 
stacked capacitor. The first method was to 
RF sputter etch (texturize, both surfaces of 
a PBN wafer just prior to depositing elec- 
trodes. This treatanent produced an ultra 
clean surface and electrode adhearance values 
greater than 1,000 psi. A 2-3 fold reduction 
in dissipation factor was an unexpected bonus 
compared to capacitors made without etching. 
The reduction in dissipation factor is attri- 
buted to the removal of mechanically distur' d 
surface layers produced durinu final lapping. 
About 3,000 angstroms was removes’ from each 
surface of a PBiJ wafer by sputter etching. 
Remcval of additional material had a negli- 
gible affect on dissipation factor. 

The second improvement was to deposit a 
diffusion barrier layer over the outer sur- 
faces of each electrode to prevent inter- 
electrode bonding in a stacked capacitor. 

Boron nitride was RP sputtered from a PBN 
target using a glass mask to protect the 
contact tabs. About 500 angstroms of boron 
nitride was deposited on each electrode at 
70 angstroms per minute. 

A three wafer capacitor was tested that 
Incorporated these Improvements (sputter 
etching and BN beurrler layers) . Figure 7 
compares the rate of change in capacitance 
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CONCLUSIONS 





Figure 7. Comparison of the Change in Capa- 
citance Versus Tine at 500 V dc/Mil 
in Vacuur. at 1100° F for Pyrolytic 
Boron Nitride Multi-Layer Capaci- 
tors With and Without Sputtered 
Boron Nitride Barrier Layers. 

versus * ne for the improved 3 wafer capaci- 
.'•or and che original 5 wafer capacitor. The 
3 wafer capacitor shows a negligible change 
in capacitance for the dur.'.tion of the test 
(75 hours at 1100®F). 


Pyrolyic boron nitride capacitors offer 
the promise of high stability and reliability 
over long periods in a wide range of environ- 
ments and operating conditions. These new 
capacitors should find use In many demanding 
applications. The cost to make these capa- 
citors by slicing and lapping thick blocks of 
material is a deterrent to commercialisation. 
A study of methods of producing low defect 
thin films of PBN would provide the basis 
for a more cost effective high temperature 
capacitor technology. 
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LARGER PBN CAPACITORS AND COST ANALYSIS 

The specially designed ceramic package 
shown in Figure 8 was fabricated to provide 
the necessary compressive forces, orient and 
hold PBN capacitor wafers and provide a 
hermetic enclosure. More than 40 defect 
free PBN capacitors were made with sputter 
etched surfaces and boron nitride barrier 
layers for this package. The package has 
sufficient internal volume to hold more 
than 300 capacitor wafers «dtich would be 
equivalent to a C 1 uF capacitor. In 1976 
a cost analysis was made based on yield 
lata from previous laboratory experience 
with this process. A 16 percent overall 
yield assumption was made (from raw material 
to final test). The cost to fabricate 572 
finished wafers (equivalent to 0.16 uF) was 
about $51,000. Half of this cost was for 
purchased raw materials (PBN) in the form of 
1 X 1 X 1/8 inch blocks. 


REFERENCES 
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Figure 8 . PBN Capacitor Hermetic Package 
Volume 0.87 In3 ( to O.luF) 
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LEGEND (Figure 8 ) 

AI 2 O 3 Cylindrical Ring 
(1. 5 inch O.D. ) 

Top Ring, Cb-l%Zr 

Top Plug, Cb-l%Zr 

Spring Alignnent disk. No 

Bellville Spring, Ta(T-lll) 

Electron Beam Weld 

Braze Alloy, 60Zr-25V-15Cb 

AI 2 O 3 Cylinder 

Metallized BeO Disk, Sputtered 
Ho 

Spring Support Plate, Mo 
PBN Capacitor Stack, 0.78 
inch dia. 

Pressure Plate, PBN 
Alignment Bushing, PBN 


28 




HIGH-TEHPERATUIIE NEASURENE!tTS OP Q-PACTOR IN ROTATED X-COT QUARTZ RESOUTORS* 

I. J. Prlt* 

Sandia National Laboratorlea^ 

Albuquerque, M> N. 8718S 


The Q-factors of piezoelectric reaonatora fab- 
ricated froa natural and synthetic quarts with a 34° 
rotated X-cut orientation have been aeasured at tea- 
peratures up to 32S°C. The synthetic stater ial. which 
was purified by electrolysis, retains a high enough Q 
to be sultaole for hlgh-teaperature pressure-trans- 
ducer applications, whereas the natural quarts is 
excessively lossy above 200°C for this application. 
The present results ars coapared to results obtained 
previously on AT-cut resonators. 


operation It is necessary to have a Q of over 10* for 
all operating teaperatures.* tt Is known froa previous 
tiork on quarts that the Q depends on a nuaber of factors 
Including crystalline orientation, growth conditions 
(natural or synthetic), saaple preparation, and the 
nuaber and type of defects present. The present work 
was undertaken to characterize the teaperature depen- 
dent Q-f actor of rotated X-cut quartz resonators 
fabricated both froa natural and synthetic (electrol- 
yzed) aaterlal. 


tttroductlon 


Experlaents 


Quartz-resonator pressure transducers are being 
developed at Sandia National Laboratories for hlgh- 
teaperature (a; 300 C) applications in geotechnology 
areas.' Areas of particular interest Include survey- 
ing of geothemal and deep oil and gas resources. In 
order for a crystal resonator to be used as a pressure 
gauge, the effect of teaperature changes on the res- 
onator frequency aust be alnlalzed compared to the 
pressure-induced frequency shift. Thus It is desirable 
to use a resonator design that is ceaperature-conpen- 
sated to as high a degree as possible over the tea- 
peracure range of interest. Plate resonators operating 
in the thickness shear aode are generally utilized in 
teaperature-cuapensated applications, as they have 
turnover points In their frequency vs temperature 
characteristics. This means that the derivative 
df/dT (f » frequency, T » teaperature) is zero at some 
appropriate temperature. For applications around 
200-300 C, a rotated X-cut orientation of the resonator 
plate has been shown to be more suitable than other 
temper at'ire-coapensated urientatlons because It 
exhibits a lover curvature of f(T) at the turnover 
point.* The geometry of the rotated X-cut plate Is 
shown In Fig. 1. Here a rotation angle of 6 » 34° Is 
shown, as this Is the angle Chat provides compensation 
in the temperature range of Interest. 



Fig. 1. Illustration of the 34° rotated X-cut 

orientation used for temperature-compensated 
pressure gauge applications. 

A more detailed description of the pressure gauge 
being developed can be found in Ref. 1. 

Although the rotated X-cut orientation has been 
found to be optimum from Che viewpoint of its frequency 
vs temperature and pressure characteristics, there are 
no data in Che literature on Che Q-factor of resonators 
with this orientation. For stable and reliable gauge 


Four samples were studied In the present Inves- 
tigation: two natural quartz samples from Hoffman and 

two synthetic cuartz samples from Sawyer. The Sawyer 
material was elzctrically swept (electrolyzed) at 
Sandia. Plano-convex resonators with deposited Au 
electrodes were fabricated and t.hen mounted In her- 
metically sealed cans. The samples were heated In a 
tube furnace, and care was taken to stabilize the 
temperature before taking each Q measurement. 

The simple apparatus used for Che Q measurements 
Is shown in Fig. 2. 


TEST APPARATUS 



Fig. 2 Apparatus used for Q measurements 

The output of a frequency sytheslzer is used Co excite 
the resonator and Is simultaneously applied to the 
reference terminal of a vector voltmeter. Current flow 
through the resonator Is monitored via a current 
viewing resis,.or, the voltage across which Is applied 
to Che signal input of the voltmetsr. To ensure Chat 
the resonator is excited by a low impedance source, the 
output of the synthesizer Is shunted by Che resistor 
shown to the left of the resonator in the drawing. 

With this arrangement the voltmeter measures the complex 
admittance of the resonator. Provided that Che res- 
onance Is sufficiently strong, the width (at the half 
power points) of the resonance is the difference of the 
frequencies f^j and where the current and voltage 

are + As'’ out of phase.’ For the resonators used in 
the present work, the resonances were somewhat weaker 
Chan expected under Ideal conditions. Because of this. 
It proved Impractical Co neasure Q values below about 
5 X 10^ readily, as doing so would have required a 
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point-by-point tracing out of the reaonance circle in 
the cOMptex adnlttance plane.* 

All the data prenented In this paper vere obtained 
at the third overtone (f<e3 MHs) of the resonators. 
Resonator data are typically obtained at the fifth 
banonlct but for the present devices the third har- 
•onlc exhibited a higher Q and a stronger reaonance 
than did the fif;h.. 

Results 

Typical data shovlui; the testperature-induced 
shift in r.->sonance f regency for a 8 - 34.0° rotated 
X-cut resoru'cor at atBospheric pressure are shown In 
Fig. 3. 



Tig. 3. Fractional change in resonant frequency vs. 

temperature for a (contoured) rotated X-cut 
resonator . 

Also shown in this figure Is the magnitude of the 
frequency shift produced by a pressure increase of 
100 psi for an actual pressure gauge at 275°C.* For 
the resonator measured, the turnover point is at JOOc, 
compared to the value of 220°C expected from the data 
in Ref. 2. The shift in turnover point Is believed due 
to the resonators in the present work being slightly 
contoured whereas Che previous work pertains to flat 
places. 

Typical data for Q as a function of temperature 
are shown In Fig. 4. The quantity actually plotted is 
the loss Q * (on a logarithmic scale) , as is conven- 
tional. The upper curve is for Che natural (unswepc) 
material. For this sample there is a loss peak at 
70 C and a rapid increase of loss with temperature 
above 200°C. As mentioned above, it was not convenient 
with Che simple apparatus utilized to measure values of 
Q much lower than 5 x 10^. However it was observed 
Chat the loss did continue to increase with increasing 
temperature up to 300 C. 



T rc» 

Fig. 4. Typical Jata for acoustic loss Q ^ up to 

325°C. Data were taken at 3 MHz (3** harmonic) . 

Data obtained for a sample of synthetic swept 
quartz are shown in the bottom part of Fig. 4. The 
dr' jtic improvement due to the electrolytic purifi- 
cation Is imediacely apparent. Since the Q is more 
Chan 2.5 x 10* over the entire range of temperature, 
it appears that synthetic swept quartz is suitable for 
pressure gauge applications. Data obtained on the 
other sample of swept synthetic material are similar C 
those shown in Fig. 4. An important point to mention 
with regard to the present data Is chat the actual 
intrinsic Q of the swept sjmthetlc material may be 
higher than the data indicate. This is because the 
resonators were plated and the resulting stresses may 
dominate the loss for high quality quartz. Previous 
workers have noticed this tffcct,' and for reliable 
measuresiencs of Q > 10* it is advisable to drive the 
resonator by capacitive coupling across a gap. 

Discussion 

It is of interest to compare Che present results 
with those obtained in previous studies of resonator 
loss as a function of temperature. Host of the 
previous work in this area has been done on AT-ouc 
thickness shear resonators. The extensive early work 
that was done has been reviewed by Fraser,* who discus- 
ses in detail the effects of impurities, radiation, and 
electrical sweeping on the temperature dependent 
acoustic loss. Nowick and Stanley* have given a group- 
theoretical analysis of dielectric and acoustic re- 
laxation in quartz and have used the results to 
interpret data in the literature. 

From sysmiecry considerr "ions. Nowick and Stanley 
have argued that all pure shear zmde deformations will 
couple to relaxatlonal norz»l modes transforming 
according to the doubly degenerate E representation of 
the crystalline point group (D,). Since the AT -cut 
thickness shear mode Involves a pure shear deformation, 
and since the rotated X-cut thickness shear mode Is 
very nearly a pure shear mode,* one would expect sim- 
ilar anelastlc behavior for the two different ori- 
entations. Of course, the magnitudes of the anelaatl:-. 
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r«laxatlons cannot be deduced froa synnetry art(uaents. 
Nonetheless, it is not particularly surprizing that 
the data of Fig. 4 are soaeuhat slailar to previously 
published data on AT-cut resonators fabricated from 
natural and svept -synthetic quartz. 

The previous uork"*^ on anelastlc loss in quartz 
resonators has led to a partial understanding of the 
relation between various lapurities in the samples and 
the various loss peaks observed. Unfortunately, the 
behavior at low teaperature is better understood than 
at high temperature. All quartz, natural or synthetic, 
contains a significant number (> S ppm) of aluminum 
(Ai’'*') impurities which substitute for silicon in the 
lattice. These defects are charge-conoensated by 
alkali ions (Na'*', Li'*' or IC*') at interstitial positions 
adjacent to the Ai. Compensation by protons is also 
possible. The motion of the interstitial (on among 
equivalent positions in response to the acoustic stress 
is an important mechanism for producing acoustic loss. 
Careful electrolytic sweeping can remove the alkali 
impurities, and it is believed that protons or, in 
certain cares, holes provide cliarge compensation 
of the Af’"*". Water may also be Incorporated into the 
quartz lattice (eg during growth) by replacing a 
Si-O-Sl bridge with two Sl-O-H structures. 

For natural quartz the rapid rise In loss above 
200°C as seen in Fig. 4 is believed due to alkali *if- 
fusion in response to the applied stress. Removal of 
alkalis by electrolysis is necessary to reduce this 
source of loss. The loss peak shown at s. 70°C in 
Fig. 4 may be of the same origin as a similar peak 
observed in natural Brazilian opaline quartz and in 
fast z-growth synthetic quartz." It appears to be 
associated with OH bonds. 

The data for synthetic qu'’.rtz in Fig. 4 do not 
show any evidence of acoustic loss peaks. The previous 
work on AT-cut resonators has shown chat loss peaks 
usually are observed, but that they are quite weak. It 
appears Chat the background loss due Co elecCroding snd 
mounting may have obscured any small loss peaks in 
the present measurements. 

Conclusions 


5. A. S. Nowick and M. H. Stanley, in Physics of the 
Solid Sta te, ed. by S. Balakrlsima et al., 
(Academic, New York and London), p. 181 noAQ\. 

*Thla work was supported by the U.S. Department of 
Energy, Office of Basic Energy Sciences, Division of 
Engineering, Mathematics a.-id Geosciences, under 
,|.contract DEAC04-76-DP00789. 

A U. S. Department of Energy facility. 


Two main conclusions may be drawn from Che present 
work. The first Is chat the acoustical loas properties 
of rotated X-cut resonators appear similar Co those 
of the widely studied AT-cut. Thus most past 
experience jn AT-cut resonators nay provide a 
valuable guide in designing devices using the rotat'.’d 
X-cut. The second conclusion is that electrolyticat ly 
swept synthetic quartz appears to ha'e sufficiently 
high Q for pressure gauge applications, whereas 
natural quartz is unsuitable for temperatures above 
■V 200°C. 
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ASSESSMENT OF HIGH TEKPERATURE ICTAI.I.IZATIOMS FOR AHD GM>S 

TECHNOLOGIES 


A. Christuu and B. R. Hilkina 
Naval Reaearch Laborarny 
Waahington, D. C. 20375 


Introduction 


Aa part of t>‘.c Navy* a high tcspcraturc electronics 
prograei, hi^ teaperatur^ barrier ■ctallisations were 

2 

asaessed and tested for I L agd CMOS applications.^ Life 
tests were accelerated to 375 C in view of the -55 C to 
e300 c teaperature range established for engine- located 
electronics without fuel cooling. 

The gold-refractory actallizations evaluated were 
Au-TiW-PlSi, Au-TiW/TiOj/TiH-PtSi and Au-TiW(N)-PtSi . 

These aetalliaation systems were theraally annealed to 
at least 375 C for up to 250 hours. The critical re- 
quireaent for stable diffusion barrier is the TiW grain 

aixe. Saall grain (250X-500X) films were observed to be 
stable up to 375 C. Deposition to TiW diffusion berrier 
in the presence of oxygen and nitrogen also results in 
an effective diffusion barrier. Life tests at 340 C up 
to 100 hours have been completed. 

AES profiles of the PtSi indicates some pcnct .-at i on 
by the TiW. In the case of PtSi/TiW interface, the re- 
distribution of oxygen further passivates the system by 
forming a TiOj layer at the interface. Characterization 

of I^L devices subjected t. 340°C anneals will also be 
presented. 


High Temperature Mctalliaations 
The Au-TiW System 

Previous investigations^ ^ on the intcrdif fusion 
and reliability of Au-refractory films used in devices 
have neglected "substrate" effects. It is recognized 
that the substrate can be a very active member of dif- 
fusion couples which may in many cases accelerate .degra- 
dation observed in the gold conductor and refractory 
barrier. 


and PtSi are shown in Figur 1. At 37S°C there is no 
enhancement of the diffusion between Si and Ti(W). This 
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In assessing the high Lemperat ire reliability of 
Au-Ti(W) films for high temperature applications, we 
compare the role that 3 different intervening layers on 
silicon substrates play in the stability of these metal- 
lizations. These layers arc PtSi, SiO^ and Si^N^. Each 

of the layers have, on occasion, been incorporated in 
MPTS. The Si^K^ is used for passivation and the PtSi 

layer is used as the ohmic contact. 

Table I summarizes the deposition conditions, giv- 
ing film thickness, sputter target, substrate tempera- 
ture and film characteristics. 
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Figure 1. Diffusion profilcsof the TiW diffusion 

barrier. (A) Silicon substrate, (B) SiO./Si 
substrate, (C) PtSi/Si 

is as expected from the diffusivitics of these systems 

“20 

which IS of the order of 10 cm/sec. Likewise, the 
interdiffusion effects arc minimal between SiOj and 

7i(H) at this temperature. However, when the layer is 
PtSi, it acts as a source and sink for Silicon atoms 
resulting in the outdiffusion of Si into the refractory 
film. The amount of Si detected in the Ti(W) film is 
not satisfactorily explained from a solid solubility 
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•rguaent. Theae results agree with our previous work 
with Ts on Si and PtSi and with Sinha's work with WSI 2 

formation on PtSi-Si substrates. The excess silicon in 
the TiW will result in a refractory silicidc formation 
at higher temperatures. Our conclusion, to date, is 
that the Au-TiW system with small grain TiW is stable 
up to 375 C. 

The Oxide/Nitride Assisted Diffusion Barriers 


The deposition of TiW in the presence of oxygen 
overpressure or nitrogen has been determined to improve 
the overall thermal stability of the TiW diffusion bar- 

-3 

rier. An overpressure of 10 Torr of oxygen or nitro- 
gen was used in each case resulting in Titanitm nitride 

4 S 

passivation of the TiW grain boundaries. * Since the 
primary diffusion mechanism at temperatures below 500 c 
is grain boundary diffusion, the formation of TiN at 
the TiW grain boundaries inhibits significant grain 
boundaries up to 450°C. The Au-TiW(TiH)-PtSi system 
was found to be stable up to 4S0°C as shown in Table II, 
where the at. Z Si and Au detected in the bulk of the 
TiW by energy dispersive x-ray analysis i sunmarixed. 

TABIE II 

Evaluation of the TiW(TiN) Diffusion Barrier 
up to 450°C 


Anneal Temperature at. Z Si at. Z Au 

(100 hrs) Detected in TiW(TiN) 


300°C 

ND 

ND 

340°C 

1.1 

1.0 

350*’c 

1.8 

2.0 

400°C 

2.5 

3.0 

450°C 

4.2 

6.5 


However, at 450°C, the significant observation is that 
Silicon was not observed in the Au overlayer this show- 
ing the overall stability of TiW(TiN) as a diffusion 
barrier. 

2 

I L Test Elements With Au-TiW Metal lixations 


As part of the Navy's High Temperature Electronics 
2 

a custom I L metallixation test mask set hus been pro- 
cessed using the Au-TiW-PtSi system. The test mask 
includes a number of different test elements which arc 
aimed at determining design constraints on ohmic con- 
tacts, metal width anJ spacing. Also included arc sym- 

2 

metrical cell I L logic gates and ring oscillators. The 
initial teat results look promising in that 2 of 6 (8Z) 
of the oscillators failed within 275 hours. A total of 
six oscillators have now reached 580 hours with no 
failures. These tests are continuing and additional 
refinements to the metallisation will be incorporated 
. 2 

in the I L devices to be processed in the future. 
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Abstract - In this i>aper we present the Initial 
results of work on a new class of sosiconductor metal- 
ixatlons which appear to hold great proolse as primary 
aetalllzatlons and diffusion barriers for high-tenpera 
ature device applications. These sietalllzations consist 
of sputter-deposited films- of high-Tg aaorphous-raetal 
alloys which (primarily because of the absence of grain 
boundaries) exhibit exceptiona.'.ly good corrosion- resis- 
tance and low diffusion coefficients. Amorphous films 
of the alloys Ni-Nb, Nl-Ho, W-iri , and Mo-Si have been 
deposited on Si, GaAs, CaP, and various insulating si.<b- 
strates. The films ad'.ere extret'ely well to the sub- 
strates aiKi remain amorphous during therm^Ll cycling to 
at least 500°C. Rutherford BacV'aicattering (RBS! and 
Auger Electrot. Spectroscopy (AES) measurements indicate 
atomic diffussivities in the 10“i9 cm2/s range at450“C. 

INTRODUCTION 

One of the most difficult problems associated with 
the design of semiconductor devices intended for high- 
temperature operation is that of finding a suitable 
metallization system for providing contacts to the semi- 
conductor. Typical difficulties which limit the life- 
time of semiconductor devices at high temperature in- 
cl.-de: (1) altered electrical behavior caused by inter- 
diffu_ion of metal and semiconductor; (2) dimensional 
changes or embrittlement caused by compound formation, 
or grain-growth; and (3) catastrophic metallization 
failure due to electromigration. These must be consia- 
ered as intzinsic failure inodes in the sense that, while 
they may vary in absolute and relative importance from 
one system to another, they must always be present to 
some extent. Furthunnore, all of these failure modes 
involve diffusive transport within and/or among the 
metal and semiconductor layers, and increase roughly 
exponentially with increasing temperature. The design 
of high-temperature metallizations, therefore, necessar- 
ily involves a search for means to impede atomic diffu- 
sion within the metal-semiconductor system. The most 
common approach tc the problao of limiting diffusion 
between dissimilar materials involves the use of inter- 
vening metallization layers ^hich are intended to act 
as diffusion barriers. A well-known example is provided 
by the Ti-Pt-Au metallization which is used in the 
"Beam-Lead" technology (1,2) . This metallization (on 
Si) has survived brief stress-tests at over 400“C, but 
degrades rapidlv at all temperatures above 350“C [2). 
Similar results are obtained with many other diffusion 
barriers (3] . The reason for the failure of convention- 
al passive diffusion barriers is simple, but has only 
recently become well-recognized; Diffusive transport 
in polycrystaliine thin-films is dominated by diffusion 
along grain boundaries and dislocations at ali realist- 
ic operating temperatures [4] . The barrier layer can- 
not be fully effective if it is, itself, a thin, poly- 
crystalline film. Nicolet has recently aiven a compre- 
hensive review of thin-film diffusion ba,.riers [3], in 
which the importance of grain-boundeury diffusion is 
highlighted. In addition to reviewing the shortcomings 
of traditional diffusion barriers, Nicolet discusses 
more sophisticated concepts including "stuffed barriers" 
(in which the grain boundary paths are blocked by suit- 
able impurities) and "thermodynamically stable" barriers 
(which utilize stoichiometric compound barriers such as 
transition irital nitrides or borides). In the present 
paper, we present an alternative approach to the design 
of high-temperature metallizations. He propose the use 


of sputtered amorphous metal films, either as pruury 
metallizations, or as thin diffusion-barrier layers be- 
tween conventional polycrystalline films. 

Amorphous metallizations are easily produced by 
sputtering from various transition-metal and transition- 
metal/metalloid alloys. As noted above, most of the in- 
herent reliability problems of conventional metalliza- 
tions are associated with polycrystallinity and atomic 
motion. In amorii^us metals, there arc no grain bound- 
aries or dislocations, and diffusive transport is thus 
determined by bulk diffusion coefficients 15,6]. As a 
consequence, diffusive transport in amorphous metal 
films can be orders of magnitude slower than in poly- 
crystalline films of comparable composition. It is 
primeu’ily for this reason that we believe amorphous 
metal films constitute an interesting new class of ma- 
terials for sem’ conductor metallization applications. 

EXPERIMENTAL 

Materials Selection 

If amorphous filn.s are to be useful in the pro- 
posed applications, it is necessary that they remain 
amorjiious at the desired operating temperatures. Typ- 
ically, the time constant for crystallization is of the 
order of < 1 hour at the glass transition temperature, 
Tq, and extrapolates to several years at T < 0.85 Tg 
(5,6). We have therefore focused on alloys having known 
or predicted Tg values of ^ SOCC. Donald and Davies 
[7] have discussed various factors which promote glciss- 
foming ability and high Tg values, and have published 
several useful tables of known glass-forming composi- 
tions. After consideration of the factors discussed by 
these authors, we selected the Ni-Nb, Ni-Mo, Mo-Si, and 
W-Si systems for investigation. A full discussion of 
our selection criteria has been given elsewhere [8] . 

The substrate requirements for successful vapor 
deposition of amorphous metals are easily satisfied by 
almost any crystalline or amorfdious solid. The main 
requirement is that the substrate surface remain at a 
temperature well below Tg during deposition. This, in 
turn, requires that the substrate have a thermal con- 
ductivity adequate for rapid transfer of the heat-of- 
condensation to a heat sink. The fact that amor(4ious 
metals have been deposited successfully on such notably 
poor thermal conductors as pyrex (O ~ 0.01 watts/em'K) 
leaves little doubt that all common semiconductors (a i 
0.1 watts/cm°K) will provide adequate heat-sinking and 
be useable as substrates. Most of the work reported 
here was done using single-crystal Si substrates, al- 
though fully amorphous films have also been obtained on 
GaAs, GaP, AiljOj, glass, mica, Cu, and At substrates. 

Film Preparation 

Amorphous me'^al films were deposited by RF sput- 
tering using a Varian 980 diffusion-pumped sputtering 
system. This system uses a split circular cathode, 9" 
in diameter, with a 3 1/2" cathode-to-substrate spac- 
ing. In order to sputter alloys of uniform composition, 
1/4” thick base cathodes of either N1 or Si were par- 
tially covered by 10 mil foil masks of Nb, Mo, or W, 
having uniform distributions of holes to expose an ap- 
propriate fraction of the base cathode. In initial 
work, the exposed areas of base-cathode and foil were 
approximately equal. For each of the four alloy-sys- 
tems studied, the area ratios were subsequently ad- 
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juBtad to 4chleve the desired filn conposltion using 
fMdback frcn annealing studies and electron-bean mi- 
eroprube measurements. _ 

Sputtering was done using i2 * 10 Torr Ar pres- 
sure at a total RF power of <lkw. Under these condi- 
tions the deposition rate was -typically “ 300*A/min. 
In order to providu a deposit which was sufficiently 
thick for X-Ray diffraction and electron microprobe 
measurements, a standard sputtering time of 30.0 min. 
was used. Thus, most of cur films were approximately 
1 urn thick. Compositional uniformity was found to be 
typically ±0.5 At% over a 1/4" x 3/4" sample area. 

Routine- Characterization 


The as-deposited films were routinely character- 
ized as to adhesion, film-thickness (stylus measure- 
ments) , composition (electron beam microprooe measure- 
ments) , structural order (X-Ray diffraction measure- 
ments) and electrical resistivity (4-point probe measure- 
ments) . For semiconductor metall cation applications, 
the adhesion and resistivity results are of [^articular 
interest: We find that the films adhere extr€mely well 
to the semiconductor substrates and are very resistant 
to scratching. No flaking or wrinkling was observed 
on any of these films in the as-deposited state, nor 
after thermal cycling between -200 and -tSOO'C. SEM ex- 
amination shows the surfaces to be smooth and feature- 
less. Typical room- temperature resistivity values ob- 
tained for th' as-deposited films are as follows: 


Alloy 

Composition 

p(uflcm) 

R^ (O/'Q 

Ni-Nb 

55-60 At%Ni 

200-230 

2. 0-2. 3 

Ni-Mo 

55 At% Ni 

110-13C 

1.1-1. 3 

Mo-Si 

60 Att Mo 

160-200 

1. 6-2.0 

W-Si 

90 At% W 

140-150 

1.4-1. 5 

The sheet 

resistance values 

given in Col. 4 

are sealed 

to a film 

thickness of Ip. 

AS expected, the 

rcsistivi- 


ties of the amorphous fibns are some-what higher than 
the resistivities of corresponding polycrystalline films 
(typically a factor of '■5 higher), but sheet resistances 
of the order of 1 V./O are perfectly: acceptable for many 
device applications. For those applications in which 
these resistivities are excessive, it may be possible 
to overcoat the amorphous metal with a layer of Au or 
Cu to provide a lower-rcaistance metallization. 

Annealing and Crystallization 

As the crystallization of amorphous metals is con- 
trolled by kinetic factors, any experimental value- of 
the crystallization temiDerature . T^., depends on the 
time-scale of the expetiment. Fortunately, tlie charac- 
teristic time for crystallization is an extremely strong 
function of temperature, so that reasonable estimates 
of the maximum "operatug temperatures" of amorphous 
metallizations can be obtained using relatively brief 
anneals . The results reported here were obtained by 
annealing the samples for one hour in evacuated quartz 
ampoules which also contained a small slug of Ti for 
gettering. 

In order- to determine the one-iiour crystallization 
temperature of a given alloy composition, the following 
sequence was followed: The first anneal was performed 
at 400“C, after which the sample was removed from its 
ampoule for examination by X-Ray Diffraction (XRD) . If 
there was evidence of crystallinity, the sputter-mask 
-was altered achieve a different alloy composition. 
(Crystallization temperatures below 400*’C are of no in- 
terest at the present time) . If there was no evidence 
of crystallization, the sane seunple was resealod in an 
ampoule and annealed at 500'C for 1 hour. This proce- 
dure was repw;''^d it 100* increments until crystalliza- 
tion wa- deff-cted. A new sample from the same batch 


was then annealed at the penultimate temperature, meas- 
ured for crystallinity, and reannealed at successively 
higher temperatures using 50"c Increments. Finally, a 
third sample was used to find T^, to within 25*C. 

Figure 1 shows a sequence of typical XRD scans for 
initially amorphous Ni-Ho films ("tS* Nl). it is some- 
what difficult to judge whether or not small features 
on the amorphous peak correspond to the eerl/ stages of 
crystal ’ ization. Massive crystallization, however, is 
unmistakably evidenced by cne appearance of numerous 
sharp diffraction peaks. These comments are illustrat- 
ed ill Fig. 1 by the 600°C and 650*C traces: After an- 
nealing at 600*c, small bumps are seen at 26 39° and 
45°. These features arc* reproducible, and apparently 
indicate a small volume-fraction of crystallites in an 
amorphous matrix. After the 650°C anneal, the 39° peak 
is quite strong, but the 45° peak is either missing or 



Figure 1. X-Ray Diffractometer scans of an initially 
amorphous film of r;i-Ho after Ih anneals at 
successively higher temperatures. 

split into several peaks. It appears likely that the 
path of crystallization in the Ni-Mo system is complex, 
involving intermediate phases. Similar effects are 
seen in the other alloys as well. TF.M investigations 
arc planned for exploration of the crystallization 
mechanisms . 

The remits of the annealing studies to date are 
as follows: 


Alloy Composition Tp(°C) rj^(°C' 


1) 

Ni-Nb 

55 

At% 

Ni 

500 

550 

2) 

Ni-Nb 

57 

At% 

Ni 

575 

600 

3) 

Ni-Mo 

55 

At% 

Ni 

525 

550 

4) 

Ni-Mo 

65 

At% 

Ni 

550 

600 

5) 

Mo-Si 

60 

At% 

Mo 

550 

600 

6) 

W-Si 

90 

At% 

w 

(Partially crystalline 






as 

depcsitecl) 


The temperature Tg is tl.e highest 1-hour annealing 
temperature at which no evidence of crystallinity has 
been observed. Tj^ is the lowest 1-hour annealing tem- 
perature at which some evidence of crystallinity has 
been observed. The W-Si alloys deposited to date nave 
contained a small volume-fraction of microcrystalline 
phase in a predominantly amorphous matrix. Further re- 



finenont of the composition is required. Nevertheless 
as will be shown in the next section, the largely am- 
orphous W-si films still function as effective diffu- 
sion barriers. 

Diffusion 


The diffusion of Au in amorphous metal films is of 
great practical interest because Au i.s widely used in 
multilayer metallizations and bonding wires for semi- 
condjctor devices. Au is also a prime candidate for use 
as an overlayer to reduce metallization resistances. 

Au was ion- implanted into an amorphous Ni-Nb film 
which was subsequently annealed and measured by Ruther- 
ford Backscattering (RBS) to monitor any Au diffusion 
t9I . The amorphous film was deposited on a single- 
crystal Si substrate to a thickness of lb, and was com- 
posed of 56.5 AfV Ni, 43.5 At% Nb. The implanted Au 
profile was Gaus_.iaii, wj th a peak concontraticn of 3.3 
X 1020 cm"2 occurring "^OOA below the surface, and a 
"full width at half maxijrmi" of 300A. Since a Gaussian 
profile remains Gaussian during diffusion, it is 
straightforward to deduce diffusion coefficients from 
the half-widths of fittt*d Gaussian cur’/es. Figure 2 
shows a comparison of the Au profiles after 0.5 hours 
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Figure 2. Comparison of the ion- implanted Au profiles 
after anneals of 30 minutes arid 35 hours at 
450°C, illustrating the extreme]’/ low rate 
of diffusion of Au in amorphous Ni -Nb at this 
temperature. The profile change can only be 
discerned by fitting Gaussian curves to the 
data. 

and 35 hours of annealing at 450“S. Analysis of these 
and similar prof lies obtained for longer ar.„ealing times 
gives a diffussivity of D ^ 8 lO'^^cm^ /sec for Au in 
this alloy at 450“C. Note that: (1) D £ 10"'18 cm^/s im- 
plies that an Au atom would require roughly 300 years 
to diffuse a distance of lU; and (2) the annealing tem- 
perature of 450“C is very near the estimated glass- 
transition temperature for this film: The one-hour 

crystallization temperature for films of this composi- 
tion is in the neighborhood of Tj, *= 550’C, and T_ must 
be < T(.. Thus, our anneal temperature of 450'C is 
i.88 Tg. Rutherford Backscattering studies of inter- 


diffusion between amorphous metal films and overlayers 
of Cu or Au, and between amorphous metal filais and 
semiconducting substrates are currently underway, and 
no quantitative results can be reported at this time. 

In addition to the RBS measurements, we have used 
Auger Electron Spectroscopy (AES) , together with Ar-ion 
sputtering to studj" Interdiffusion. Figure 3 shows a 
series of A^S pioflles for an amorphous Ni-Nb film on 
which a '750A Cu layer was deposited. After 10 hours 
of annealing at 500*C, there was a slight broadening of 
the Cu/Ni-Nb interface, but no large-scale interdiffu- 
sion. After one hour at 600*C, however, the Cu,Ni, and 
Nb have thoroughly Interdiffused, and the "interface" 
has moved very deeply (j 2000A) into the Ni-Nb film. 
Other Ni-Nb films of the same composition were found to 
crystallize in one hour at STS'C. It is therefore clear 
that crystallization is responsible for the sudden, 
massive motion of Cu into the Ni-Nb (probably along 
grain boundaries} . Similar results have been obtained 
with Au overlayers and with ether amorphous alloys. It 
is interesting to note that we found essentially no in- 
terdiffusion between Au and amorphous W-Si despite the 
fact that the H-si contained a detectable (but small) 
volume- fraction of microcrystalline {^ase. Thus, we 
believe that partially crysca) line films can still func- 
tion as effective diffusion barriers as long as thj 
crystallites are well-separated by an amorphous matrix. 
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Figure 3. AES depth-profiles of Cu, Ni, and Nb. The 
top trace shows the as-deposited structure: 
A Cu layer on amorphous Ni-Nb. Tlie middle 
trace shows that there was very little in- 
terdiffusion after 10 hours of annealing at 
500°C. The bottom trace shows considerable 
interdiffusion after only 1 hear at 600“C. 
The rapid interdiffusion at 600°C is a con- 
sequence of crystallization. 

CONCLUSIONS 

Amorphous metal films of appropriate compositions 
can be deposited on semiconducting and insulating sub- 
strates, and remain amorphous after one-hour anneals at 
temperatures in excess of 500*C. It is very important 
to note that the annealing temperatures used in this 




•tu4/ ware specifically chosen to find the temperature 
ranges in which the alloys under investigation would 
crystallise on a time-scale of one hour (T > 0.9Tg) . At 
subtly lower temperatures, crystallisation will nou 
b( observable on any reasonable laboratory time-scale. 
Our results also show that, as long as the films remain 
amorphous, they exhibit exceptionally lowdlffusivlties. 
Indeed, the W-Si results show that films containing a 
small volume-fraction of microcrystallinity can still 
function as effective diffusion barriers. This obser- 
vation is consistent with our basic working hypo(:hesis 
that the auvantages of amorphous metallizations stem 
from the absence of grain boundaries; As long as the 
volume-fraction of microcrystallinity is small, the 
crystallites will be separated by an amorphous matrix, 
preventing an interconnected network of grain boundar- 
ies. At some critical volume-fraction {which can be 
estimated from percolation-theory to be cdxju' 0.3 [10]), 
the crystallites will merge, and an essentially poly- 
crystalline film will result. B'sed on the work report- 
ed here, we conclude that films of high-Tg amorphous 
metal alloys are indeed viable candidates for use as 
high-tonp>erature metallizations for semiconductor de- 
vices. We anticipate that this; new class of semicon- 
ductor metallizations will find important applications 
as primary metallizations, interlayer diffusion bar- 
riers, and corrosion-resistant overlayers. 
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OHMIC CONTACTS TO G«As FOR HIGH'TZMPERATURE DEVICE APPLICATIONS 


W. T. Anderson, Jr, , A. Christou, J. F. Giuliani and H. B. Dietrich 
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WashinBton, D. C. 20375 


Sunns ry 

Ohmic contacts to n*type GaAb have been developed 
for high-temperature de/ice applications up to 300‘C. 
Refractory metallizations were used with epitaxial Ce 
layers to fons tie contacts: TiW/Ge/GaAs, Ta/Ge/GaAs, 
Ho/Ge/GaAs, and Ni/Ge/GaAs. Contacts with high dose 
Si or Se iou implantation (10^® to 10'*/cm*) of the 
Ge/GaAs interface were also investigated. The purpose 
of this work was to develop refractory obn^c contacts 
with low specific contact resistance (~10 ” (l-cm® on 
lxl0*^/cffl® GaAs) which a^e free of imperfections, 
resulting in a uniform N doping layer. 

The contacts were fabricated on epitaxial GaAs 
layers (n=2xl0‘® to 2xl0‘^/cip®., grown on N (2xl0'*/cm®) 
or semi-insulating GaAs substrates. Ohmic contact was 
formed by both thensal annealing (at temperatures up 
to 700°C) and laser annealing (pulsed Ruby). Examina- 
tion of the Ge/GaAs interface revealed Ge migration 
into GaAs to form an N doping layer. 

Undlr optimum laser anneal conditions, the sge- 
cific contact resistance was in the range 1-5x10 D-cm® 
(on 2xl0^’/cn® GaAs). This is an order of magnitude 
improvement over thermally annealed Ag/Si^ or Ni/Ge® 
contacts. Thermallygannealed TiW/Ge had a contar'^ 
resistivity of IxiO 0cm® on lxl0*®/cm® GaAs under 
optimum anneal conditions. The contacts also showed 
improved thermal stability over conventional Ni/AaGe 
contacts at temperatures above 300°C. The contact 
resistivity ot thermally annealed TiW/Ge does not 
increase appreciably with a 350°C, 190 hr anneal, while 
that of Ni/A'iGe degrades appreciably between 25-35 hrs 
at 350*C. Under bias conditions (6V, 15 mA) the con- 
tact resistance of these contacts did not increase 
appreciably at 300°C after 160 hr. Preliminary results 
with the laser annealed contacts showed no measurable 
increase in esistance after 6 hr at 350°C. 

Introduction 

Low specific contact resistance ohmic contacts to 
n-type GaAs using epitaxial Ge films have been reported 
using molecular beam epitaxy® and vacuum epitaxy.®*® 

The epitaxial Ge film allows^(in theory) the formation 
of contacts with a uniform K layer, in the highly 
doped Ge film itself® or, from Ge doping of the GaAs.®*® 
These contacts should be more nearly free of imperfec- 
tions compared to polycrystalline Ge or AuGe eutectic 
films in which rapid impuritv diffusion occurs at grain 
boundaries. Both thermal annealing and laser annealing 
have been used to form ohmic contact. Laser annealing 
was used to form these contacts® because when a refrac- 
tory metal overlayer is desired it was found®’® that 
oven anneal tempei-at'ires in the range 500-750®C were 
required. Subjecting the entire substrate to these 
high temperatures can have deleterious effects on the 
active and semi-insulating GaAs layers and to other 
metallizations previously deposited on the chip, e.g., 
for the purpose of fabricating integrated circuits. 

ILif problem can be obviated by selective contact 
amealing with a laser beam. Pulsed laser annealing 
may also be importaut in obtaining enhanced activation 
of Implanted dopants and in obtaining certain doping 
profiles when rapid beating and cooling are isiportant. 

In this paper we report on TiW (88 wt. % H, 12 
wt. % Tl)/Ge, Ta/Ge, Ho/Ge, and Ni/Ge ohmic contacts 
to n-type GaAs which have two possible areas of appli- 
nations: 1) to devices which are designed to operate 

for extended periods of time in a high temperature 


ambient (above 1S0®C)*, and 2) to iaqprcve the relirbil- 
ity of devices which experience high channel or contact 
temperatures, such as power field-effect transistors 
(FET) and tranaferred-electron devices (TED) . ® In both 
cases, local melting at ioperfections in the contacts 
can result in device failure. Formation of an N loyer 
at the GaAs-contact interface by Ge doping ran also 
result in significant perfonnance gaina in power FETs 
and TKDs through reduction in contact resistance and 
increased voltage levels. 

Experimental Method and Results 

Fabrication of the ohmic contacts was similar to 
that described nreviously.® A number of differer.t 
types of contacts were investigated: TiW/Ge, Tt./Ge, 

Mo/Ge, and Ni/Ge, ooth with and without a high dose of 
Ci or Se ion implanted (I®) at the Ge/GaAs interface. 
Ohmic contacts we,'e fabricated on n-type epitaxial GaAs 
layers with carrier a concentration of 2xl0^®/cm® gro'’n 
on N (100) oriented GaAs substrates doped to 2x10®®/ cm® 
or on GaAs epitaxial layers (n=lxl0*®/cm®, 2000A thick) 
grown on semi-insulating (SI) GaAs substrates. To pre- 
pare the GaAs surface for growth of the epitaxial Ge 
layer, the su..face was cleaned ii. organic solvents, 
etched in a solution (10 mi HC2, 10 m2 HF, 40 m2 H^O, 

6 drops of H.O ) to remove carbon and oxygen, and 
placed immediately into a high vacuum system. Oxides 
were desorbed by beatlng^the substrate to 575°C for 15 
min in a vacuum of 2x10 ' Torr. Oxide desorption was 
carried out at 575°C because it was found® by Auger 
electron spectroscopy (AES) that the oxide concer .ra- 
tion was at a u^nifflum at this temperature without 
greatly changing the GaAs stoichiometry. An epitaxial 
Ge layer was then grown in the same vacuum at 425'*C to 
thicknesses between 200 to 2000S by electron be|m evap- 
oration from pure Ge source. For contacts on N sub- 
strates, circular Ge contact patterns (30 to 250 pm in 
diameter) were formed by etching and the metal over- 
layers were deposited to thicknesses between 1000 to 
2000S (by electron beam evaporation in the case of Ta, 
Mo, and Ni; and by sputtering in the case of TiW). 
Isolated circular contact patterns were defined using 
photoresist and lifting or by performing the Reposition 
through a metal mask. Ohmic contact to the N backside 
was made with AuGe/Ni, alloyed at 450‘*C for 15 sec 
prior to fabrication of the frontside contacts. Typical 
contacts are shown it Fig. 1. In the case of x^V'/Ge/l® 
Si contacts to the GaAs epitaxial layer on SI sub- 
strates, transmission line model (TLM) contacts were 
formed by etching the mesa. TiW, and Ge in three sep- 
arate etching steps. 
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Fig. 1. Schematic cross sections of typical refractory 
metal/Ge obmic contacts to GaAs. 
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ThrnMl annraling of l!ir TiW/Go/t^Si contacts 
(I500X T1W/400X Gc/l*Si at 60kcV, 2xlo‘Vcti*) «as car- 
ried out in foraing gas at 700‘C. Near optiauai anneal- 
ing conditions.of 25 ain, the specific contact resist- 
ance was 1x10 Oca* as aeasured by the TL*I method.* 
Auger electron jpectroscopy (AES) sputter profiles, as 
deposited and after sintering in vccuua, are shown >n 
Fig. 2. After sintering^ Ge aigration into GaAs was 
observed indicating an N doping layer at the CaAs 
surface. This condition is necessary for a low spe- 
cific contact resistance.^ The Si laplant aay also 
have been partially activated resulting in a further 
increase in the concentration of the S doping layer. 
After 25 Bin at 700*C. Ga outdiffusion was also 
observed, allowing vacant sites for Ge or Si doping 
atoms . 



100 ^ 



fig. 2. AES sputter profile of TiW/Ce/GaAs contact, 

(a) as deposited anu (b) alter ohmic contact formation 
at 730*’C for 15 min at 10 Torr. 

Laser annealing was performed with a ruby laser 
which emitted a one joule, 22 ns pulse obtained by 
Q--witching the cavity with a Pockel's cell. Experi- 
ments were performel both in single mode and in 

multimode operation. The single mode was used for the 
small diasieter ohmic coota<.t experiments while the 
multimode was employed for large area AES analyse.s. 

For the TEM.j, mode case, a 0.8 mm circular aperture 
was placed in the optical cavity. The output beam was 
then focused to form a 260 pm diameter spot at the 
sample. A 10 \o 50 pm diameter spot, which contained 
only the ceuter of the Gaussian beam, was obtained by 
use of a metal mask. Ohmic contacts were obtained at 
energy densities between 0 OS to 5 J/cm*, depending on 
the type of contact. For the multimode case, the full 
one joule output was homogenized by a method similar 
to that described by Cullis, et al.^ by sending it 
through a 1.2 cm diameter fused quartz optical wave 
guide which was bent and tapered to obtain a spot 


diameter at the sample cf 0.7 cm. Although this "light 
guide diffuser” was effective in homogenization of the 
multimode structure of the beam aud reducing speckle 
patterns, "hot spots" were still observd at the output 
(particularly apparent on GaAs surfaces). A detailed 
analysis of the appearance of hot spots will be pub- 
lished later. 


Current/voltage (I/V) characteristics of c typical 
Ni/Ge contact before and after laser annealing are 
shown in Fig. 3 as displayed on a curve tracer. Before 
laser annealing the contacts were reasonably well 
behaved Schottky barriers; the upper curve shows a 
reverse breakdown voltage of about 5 volts on 2xl0*^/cm^ 
■ioprd GaAs. After a pulse of 0.04 J/cm* the rectifica- 
tion softens, indicating some very limited melting, 
perhaps associate- with preferentially absorbing imper- 
fections on the top surface. At 0.14 J, cm^ the contact 
was ohmic and the photomicrograph of this contact, 
shown in Fig. 3, indicated very sha’ ow, uniform melt- 
ing had occurred. Similar resultr .-re found with 
TiV/Ge, Ko/Ge, and Ta/Ge contacts 



BEFORE LASER ANNEAL 



0.04 J/cm7, 1 pulse 


VERT: 500/iA/div 
HOR: 1 V.diw 


VERT 500/iA/diw 
HOR: l00tnV/div 



0.14 J/cm2 
VERT: 20 mA div 
HOR: lOOmV/div 
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PHOTOMICROGRAPH. 

0.14J.'cm7 


Fig. 3. Curve tracer I/V curves of Ni/Ge/GaAs contacts 
before laser annealing and after laser annealing at 
0.04 J/cm* (soft Schottky barrier) and 0.14 J/cm* (suf- 
ficient energy density to form ohiaic contact). Photo- 
micrograpn of ohmic contact after 0 14 J/cm^. 


Experimental curves of the specific contact 
resistance versus laser energy density are shown in 
Fig. 4. Measurements were made with a method similar 
to that of Cox and Strack.*** These results were 
obtained using the 'TETIgg mode with a 30 to 50 pm 
diameter metal mask over (typically) 250 pm diameter 
isolated contacts. Approximate melting points for each 
of the contact types are shown at the top, as deter- 
mined from photomicrographs of the irradiated surfaces. 
However, the melting points could not be determined 
precisely from the photomicrog- aphs and very shallow 
melting probably occurred below these points. It w? 
found that the contact resistivity was at a minimum 
near the melting point for Ni/Ge and Ta/Ge contacts. 
Similar TiW/Ge ohmic contacts formed on n=2xlG'^/cm'^ 
GaAs enitaxial layers resulted in a specific contaci 
resistance of IxIO ^fiem*. The higher value of spe- 
cific contact resistance evidently resulted from the 
lower doping in the Gabs. Similarly, contact resistiv- 
ity values for Ta/Ge, Ho/Ge, and Ni/Ge were approxi- 
mately an order of suignitude higher on 2xl0‘*/cm* as 
compared to 2xl0‘’/cm* Ga.As. 


I 
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Fig. 4. Experiaental values of specific contact resist- 
ance as a function pulsed ruby laser energy density; 

■p indicates approxiante aelting points as detensined 
froa surface photoaiicrographs. 

The interfaces before and after laser annealing 
were investigated using AES sputter profiling tech- 
niques. Figure 5 shows AES sputter profiles of a Ni/Ge 
contact before laser annealing and after laser anneal- 
ing at an energy density just high enough to fora ohaic 
contact. A aultiaode 7 aa diaaeter beaa was used to 
irradiate a GaAs saaple approxiaatcly 10 m x 10 na 
containing 2000A Ni and 2000.^ Ce prepared as discussed 
above. At O.IO J/ca^ slight aelting patterns could 
J-'st be observed, indicating aelting of the Ni and Ge 
just to, and including, the GaAs surface. This energy 
density corresponded to the threshold for ohaic contact 
foraation. Even at this low energy oensity there w.s 
Ge aigration into the GaAs, enough to greatly increase 
the n-tjp* doping concentration at the GaAs surface. 
Siailar profiles were observed with Ta/Ge laser 
annealed contacts. These profiles are also typical of 
Ni/Ge themal annealed ohaic contacts studied pre- 
viously.* 



Fig. 5. AES sputter profiles of a 2000X Ni/200cX 
Ge/GaAs contact before laser annealing and after laser 
annealing at 0.10 J/ca*, Just at threshold for ohaic 
contact foraation. 


The curves of specific contact resistance versus 
energy density, shown in Fig. 4, indicaf* there is a 
"window** in energy density which is appropriate for 
the foraation of ohaic contact. This window depends 
cn the layer thicknesses of the aetal and epitaxial 
Ge. the pulse duration, to soae extent on the surface 
aorphology, and also on the fundaaental iuteractions* 
of the laser beaa with the overlayers and GaAs. The 
depth of aelting and surface teaperature are deter- 
ained in part by the absorption coefficient, specific 
heat, and theraal diffusivity of the overlayers and 
GsAs surface. Ohaic contact appeared to occur just at 
the threshold of aelting, but the aelting aust be deep 
enough to aelt at least the t p SO to lOoX of the GaAs 
surface to account for the AES profiles ic Fxg. S. 
Solid-state diffusion processes are too slow to account 
for these profiles. Since the heating and cooling 
rates are nearly the saaa in pulse laser annealing 
doainated by themal processes,'* the Ge aigration intc 
the GaAs surface aust occur in the SC-^00 ns that the 
surface layers are anlten. A ainiaua in the specific 
contact resistance apparently occurs just above the 
aelting point at an optiaua doping level and profile. 

It is assuaed that low contact resistance occurs by 
electrons tunneling between the top aetal layer and 
the highly doped surface layer in the GaAs.^ The spe- 
cific contact resistance begins to rise at higher 
energy densities as the aelt penetration becoaes deeper 
and the surface teaperature reaches the boiling point. 
Surface evaporation and oblation can then result in 
loss of Ge and As (as well as loss of part of the aetal 
contact), as has been observed with these contacts at 
high energy densities hy electron aicroprobe x-ray 
cnslysis. This was fo'ind to result in an increase in 
the specific contact resistance. 

The advantages of laser annealing over themal 
annealing for these particular high- teaperature con- 
tacts is seen in coaparison with theraal annealing 
results. For siailar ohaic contacts, the specific con- 
tact resistance was aore than an order of aagnitude 
higher when theraally xnnealed* and high aabient tea- 
peratures (up to 6S0"C for 5 ain) were required. The 
laser annealed contacts reported here also deaons*'-rate 
an order of aagnitude iaproveswnt in contact resistiv- 
ity over Ag/Si contacts' thenully annealed. Th>se 
contact, also voapare favorably with conventional AuGe 
ohaic contacts, for which a sp'cific contact resistance 
of IxlO °flca* can be routinely oo.ained, but which 
degrade significantly at 3S0*C. 

High-Teaperature Aging 

The TiV/Ge/I*Si ohaic contacts foraed on GaAs epi- 
taxial layers on SI substrates and themally annealed 
were studied by high teapeature aging in an aabient of 
foming gas. Figure 6 shows the change in the specific 
contact resistance after exposure to teiq>eratures 
between 350 to S0r**C for over 175 hours. The behavior 
of a typical AuGe/Ni contact, in'iuded in the 350"C 
experiiwnts, is shown for coapa.ison. These results 
desKinstrate the high-tesq<erat' re reliability advantages 
of refractory aetal/epi Ge ohaic contacts. With 

these contacts it was found that the contact resistance 
did not increase appreciably up to 190 hours at 150*C, 
tdtile that of AuGe significantly increased between 
25-35 hours at 350«C. 

Preliminary high-tesq>erature aging experiaents 
with the laser annealed ohaic contacts (TiW/Ge/I*Si , 
Ni/Ge/I*Si, Ni/Ge, Ta/Ge, and,Ho/Ge) were also carried 
out by aging in vacuum at 10 ^ Tore. No sManurable 
change in specific contact resistance was found after 
350»C for 6 hr. 

The theraally annealed TiW/Ge ohaic contacts were 
also subjected to high- teaperature aging under DC bias. 
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Fi(ure 7 showi the mulls at 300°C and 3S0°C after 
exposure for 160 lir. At 300°C the contact resistivity 
increased initially tut stabilized at about xtem^ . 

At 350”C the increase >n contact resirtivi' <as Buch 
larger. This was partially explained by th rge out- 
Jiffusion of Ga, shown in the ALS sputter pt^.iles in 
Fig. 8. 



Fig. 6. Specific contact resistance of thensally 
annealed TiW/Ge and AuGe/Ni oluiic contacts s a func- 
tion of anneal tiae at various aging teaperatures in 
foraing gas. 


• VOit n BIAS 
Ah T.IB Gh GhAi KM 
■IWIAN'IO COM'ACT 




Fig. 7. Specific contact resistance of theraally 
annealed TiW/Ge contacts as a function of anneal time 
under bias conditions at 300°C and 3S0‘C in foraing 
gas. Test structure used to aeasure contact resistiv- 
ity (center aesa) and to study aetal aigration (long 
arsu). 



m m xeo 
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Fig. 8. Af.S sputter profile (Ct and Ca) of theraally 
annealed TiW/Ge ohaic contact afer 3S0*C/li0 hr anneal 
in foraing gas under bias conditions, showing large Ga 
outdi f fusion. 
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FABRICATION AND HIGH TEMPERATURE CHARACTERISTICS OF ION-IMPLANTED 
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INTRODUCTION 

A growing need. Is developing for Rionolithic semi- 
conductor circuits for high temperature environments. 
Si-devices hsve been reported to operate up to 
300”C.‘>^ Because the upper operating temperature of 
a bipolar device is determined by the bandgap of the 
semiconductor material, GaAs (1.43eV) has a theoreti- 
cal advantage over silicon (1.12eV). Based on bandgap 
considerations exclusively, GaAs could be expected to 
be useful up to 450“C; . fact, transistors have been 
operated at this temperature.^ Based nn these 
assessments a special program to study the high tem- 
perature aspects of GaAs bipolar transistors was ini- 
tiated In 1966. The results of this program, tdilch 
were reported In 1968", showed: GaAs transistors were 
limited by leakage currents, which exhibited a tem- 
perature dependence with an activation energy of 
0.7eV. The current gain hf^ decreased rapidly with 
Incieaslng temperature with an activation energy of 
approx. 0.2eV, apparently due to a decrease of the 
minority carrier lifetime. Devices which operated 
above 400'C could be made, but the fabrication yield 
was extremely small. The technology available at this 
time was constrained to sulfur and magnesium dif- 
fusions et temperatures at which surface decomposition 
could not sufficiently be suppressed. Doping control 
was poor. The devices had mesa structures with little 
surface passivation. The fabrication of a sophisti- 
cated GaAs IC was beyond reach. 

During the recent years the GaAs technology 
progressed rapidly, motivated .iialnly by the excellent 
performance of microwave FET's. Ion implantation and 
annealing techniques were developed to form reproduc- 
Ibly thin layers of controlled doping levels. This 
progress made it desirable to re-evaluate the GaAs 
bipolar device performance. Potential advantages of a 
GaAs bipolar technology Include; short minority 
carrier lifetime; high electron mobility at low 
electron fields; use of saturated drift velocity for 
load resistors (small area requirements); Isolation by 
boron Implantation (requires less area than junction 
Isolation); higher operating temperature than silicon 
devices. The bipolar technology would permit the 
application of established SI bipolar circuit concepts 
and models with only minor modifications. Some disad- 
vantages of GaAs, namely the low hole mobility and the 
comparatively low maximum donor concentration will 
remain with us. The possibility of modifying the 
bandgap by using GaAIAs, e.g. for wide band gap 
emitters, and of Incorporating opto-electronic prin- 
ciples make, this technology particularly exciting. 
The main difference between the situation a decade ago 
and today Is that Ion-Implantation offers the repro- 
ducible production of p-n junctions, avoiding the 
damaging high temperature diffusions. Originally our 
piesent program was designed to study the feasibility 
of a GaAs bipolar IC technology but not specifically 
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the h1^ temperature aspects. Results obtained with a 
15-stage ring-oscillator were reported recently.^ It 
will be apparent that specific modifications will have 
to be incorporated to extend performance and reliabil- 
ity to higher temperatures, such as the replacement 
of the alloyed gold contacts. This paper will discuss 
the fabrication and high temperature performance of 
discrete bipolar transistors and of a 15-stage ring 
oscillator. 


DEVICE FABRICATION 

The fabrication of GaAs bipolar transistors by 
Ion Implantation Into bulk GaAs has been reported 
previously.^ The fabrication of the ring-oscillator 
requires an epitaxial n/n^ structure. The starting 
GaAs substrates, purchased from commercial suppliers, 
come from Bridgman-grown single crystals.. The 

AsClg-Ga-Hp vapor phase epitaxial process is employed 
to deposit 2 layers: first an approx. 3 micron thick 

layer with a donor concentration of approx. 8 x 
10*’ cm-3, followed by an undoped layer, appro.'.. 1 
micron thick. The VPE technology, as applied to 
microwave devices in ou” laboratory, has previoiisly 
been described in the literature.’ 


*i *•! 



Fig. 1 Cross-section of a bipolar IC structure 


The cross-section of a bipolar IC-structure Is 
shown in Fig. 1. The npn transistor operates in the 
"up"-mode: the n^-epltaxlal layer/subscrate acts as 
emitter, the surface n-layer Is the collector. Also 
shown Is the load resistor. The fabricated structures 
differ from Fig. 1 In one respect: they have only 

one alloyed collector contact on the n-type surface 
layer. 

The formation of the n- and p- layers employs 
Ion-Implantation. The details of the donor Implan- 
tation are drawn from extensive experience with GaAs 
FET's. ^ The base-layer Is formed by a deep Implant of 
Be, which Is known to have high activation at low 
anneal temperatures. ^»*® Preservation of the GaAs 
surface morphology during the high temperature 
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annealing step Is achieved by the proximity annealing 
technique. *t • * The sequence of fabrication steps for 
the bipolar structure Is as follows: 


1. Shallow Se Implant (I x 10*^ cm-^, 150 keV 
plus 2 X 10‘^-cm-'^, 360 keV at 35J"C). 

2. Anneal at 850*C for 30 min. 

3. Deep Re implant (6 x 10^^ cm-'« , IRO keV) to 
form the base layer. 

A. Anneal at R00®C, 30 minutes. 

5. Localized Be implants to form the p* contact 
reqions (1 x 10‘- cm -2 at 40 keV plus 1.5 x 
lO'" cm-^ at 80 keV). 

6. Anneal at 700®C, 30 minutes. 

7. Localized Roron implant to form the isola- 
tion region (1 x 10*^, 4 x 10*^, 6 x 10‘^ 
cm'^ at 50, 140, 320 keV, respectively). 

S 13 N 4 serves as implant mask and for device pas- 
sivation. rpntacts are alloyed Au-Oe-Ni for the n- 
type material and alloyed Au-Zn for the p-type base. 
T1 - Au Is used for Interconnections. Stripes of 
GaAs, whose width Is adjusted by a Boron Implant, 
serve as load resistor. 

The doping profile of the complete structure is 
presented in Fig. 2. The ion-lmplanteo profiles are 
calculated according to the LSS-theory, mooified by 
experimentally observed activations. The transition 
from the n* epilayer to the surface n-layer was 
established by C-V profiling. 



Fig. 2 Doping profile 



Fig. 3 GaAs Ring-Oscillator 


DEVICE rF RF03HAHCE 

A 15-stage ring oscillator was tested In the tem- 
perature range of 25®C - 390®C. Fig. 3 shows a 
micrograph of the circuit after this test. The cir- 
cuit was mounted In a ceramic IC-package and placed in 
an oven. The package was not sealed, I.e. the GaAs 
device was exposed to hot air during the test. The 
bias voltage was 1.75 volt, resulting In a total Input 
cuirent of 5 mA at 25'C, increasing to 7mA at 385®C. 
Fig. 4-6 present the output signal at 25”, ZAD’C, 
385*C. The gate delay time Increases from 3.3ns at 
25*C to 6.7ns at 385®C. The time constant of the cir- 
cuit is dominated by the product of the capacity of 
the forward biased emitter diode times the load 
resistor. The decrease of the electron mobility In 
the GaAs load resistor causes the time constant to 
increase. The output signal of the ring oscillator 
approx, triples with rising temperature. Two effects 
contribute to this effect:!. the Increased value of the 
load resistor; 2. The shift of the Fermi levels 
towards the center of the bandgap with increasing tem- 
perature decreases the built-in voltage of the emitter 
junction, thereby Increasing the Injection current and 
decreasing the saturation voltage. The ring oscilla- 
tor failed at 390®C. The examination of the failed 
device shows a damaged matal 1 izatlon in the via holes 
of the voltage supply bar, as shown In Fig. 3. This 
was probably caused by a realloying of the Au 
contacts, and a subsequent break In the metallization 
on the via sidewalls. 

A discrete bipolar transistor or this same chip 
*.as subsequently characterized In detail. The tran- 
sistor characteristics were measured both for 
“down"-mode {surface layer as emitter) and the 
"up"-mode (surface as collector, corresponding to the 
mode In the ring-oscillator). Furthermore the leakage 
currents of the emitter diode, the collector diode and 
Iced determined between 25*C and 400®C. Fig, 
7-10 present some curve tracer pictures of the tran- 
sistor characteristics at different temperatures. The 
device exhibits current gain beyond 400®C. The useful 
temperature range Is limited by junction leakage 
currents. Fig. 11 presents plots of lj;£o. In both 
"up" and "down" mode, and the emitter and collector 
diode leakage currents at 2 volts vs the reciprocal 
temperature. Both diodes have very similar leakage 
currents with a temperature dependence corresponding 
to an activation energy of approx. leV. l(;co Is tem- 
perature Insensitive to about 200®C; then it becomes 
dominated by the leakage current of the reverse biased 
collector junction. The difference In in the 
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hig. 4 GaAs Ring-riscillator, 25®C 


7 GaAs bipolar transistor 
at 25®C, “rlown''-no< 1 e 


Fig. 5 GaAs Ring-Oscillator, 240®C 


Fig. R GaAs bipolar transistor 
at 25®C. ".ip"-no,le 


Fig. 6 GaAs Ring Oscillator, 385®C 


two nodes is probably caused by the asymmetry of the 
doping profile and the geometry of the transistor 
structure. 'he current gain as a function of tem- 
perature is presented in Fig. 12. In the "uc"-mode 

h*e is temperature insensitive to ipprox. 350®C. This 
pbrforfnance is in contrast with results obtained 
previously'' from diffused transistors where the 
current gain of the best device began to decrease 
already below 250®C. 


Fig. 9 GaAs bipolar transistor 
at 390®C, "down"-mode 


rs 


CONCLUSION 

Ion-implantation techniques permit the reproduc- 
ible fabrication of bipolar GaAs IC's. A 15-stage 
ring oscillator and discrete transistor was charac- 
terized between 25® and 400®C. The current gain of 
the transistor was found to increase slightly with 
temperature. The diode leakage currents increase with 
an activation energy of approx. 1 eV and dominate the 
transistor leakage current Iqeo above 200®C. Present 


Fig. 10 GaAs bipolar transistor 
at 400®C, "up® -mode 
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devices fail catastrophically at ~ 400*C because of 
the AuHWtallization. for the development of a 
reliable GaAs bipolar IC>techoi tgy for the 3S0”C-range 
the following subjects have to be addressed: 
Inplenentation of refractory-metd contacts; raising 
of doping levels to minimize the dtnletion layer width 
and to decrease the temi.erat.<re sensitivity; 
inprovement of surface passivation. The performa.ice 
of GaAIAs structures should be studied with respect to 
leakage currents and surface degradaiion. It is 
known, e.g. that the addition of snk'11 A1 con- 
centrations to the active zone of injec*'1on lasers 
reduce degradation. 
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Fig. 11 Diode leakage currents and Icfo as a 
function of 'he reciprocal temperature 


«M*C 30VC IM'l Itl'C 25'C 



Fig. 12 f’jrrent gain as a function of 
the reciprocal temperature 
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Jtbstract 

itiis report describes a class of devices known as 
integrated thermionic circuits (nc) capable of ex- 
tended operation in ambient toperatures ip to S00*C. 
Ihe evolution of the ITC concept is discus^. A set 
of practical design and performance equations is dem- 
onstrated. Recent experimental results are discussed 
in whidi both devices and sisple circuits have suc- 
cessfully operated in 500*C environnents for extended 
periods of time. 

teprtwh 

Hie approach taken for ITC active devices has 
been to use the intrinsically hi^toperature phe- 
nomenon of thermionic onisslon in conjunction with 
thin-film integrated-circuit technology to produce 
micrcminiature, planar, vacuum triodes. Hie re- 
sulting tedinology uses photolithographically delin- 
eated thin films of refractory metals and cathode 
material on heated, insulating substrates. IVpical 
geometries and dimensions are shown in Fig. 1. Mry 
such devices are simultaneously fabricated on a single 
substrate, giving high packing density. Hie '*nte- 
grated grid-cathode structures ace Intrinsically rug- 
ged. 
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Ihe ITC stiuctucfi 

Notice in this structure, the anode is in the 
natural patli of the electrons, and the clonly incec- 
digitated grids and cathodes are used to maximize grid 
control. In a sense, this structure is like a stan- 
dard triode with the grid moved down into the plane of 
the cathode. In fact, it has been ^Mwn throu^ com- 
puter simulation and eiperimentally verif led that the 
ftndaroental equation governing oonventional triode 
performance may be used to describe the performance of 
an ITC device. 



where Ip is the place current, 

Vg is the grid voltage, 

Vp is the plate voltage, 
ft is the amplification factor, and 
R is a constant called the perveance. 

Furthermore, from electrostatic analysis it has been 
dxjwn that for a device with grid width, cathode 
width, and grid-tc-cathode spacing equal to a and 
cattiode-to-anode spacing equid to d, 

^aso.5611^-| . (2) 

Hius, fi, the electrostatic anplification factor, is 
linearly related to the ratio d^a, with no other geo- 
metrical factors. Hds result is renarkably similar 


* Hiis work was supported by the Division of 
Geothermal Energy, US Depa r tment of Energy. 
** IBM Researdi, Sar Joee, California 
**^niversity of Arizona, Hicson, Arizona 


to that obt'iined for a conventional triode. Hiere- 
fore, depending on the circuit application, the de- 
rirer ^lification factor can sinply be selected by 
dete-ndning d/a. 

A similar analysis for the device shown in Fig. 

2, where a is the width of the cathode, b the distance 
between the grid end cathode, c the width of the grid, 
and d ttr distance between plate and cathode, results 
in 




b + C ] 

a + 2b + c' 


00 


2s. 


b n^l n 


(cos 


*. 2b) 
a + 2b + c 


(3) 


cos 


a -t 2b 


+ c)' 


which can easily be sumed on a calculator. 


Device Processina 

To date, device processing has been the moac em- 
phasized portion ot the ITC development program. 


j 

I 0 H ‘ h _ 

6 K 6 K 6 K 6 

Hbl— 

Fig. 2. Unequally spaced device. 
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CATHODE COATING APPLIED AND DEFINED PHOTOGRAPHICALLY 



Sapphire was chosen as the substrate material for 
rrC devices because of its high quality surface finish 
and high electrical resistivity at high temperatures 
(3 8 X 10‘ L'-an at 800»C) . 

Figure j is a side view of the ITC metal izations 
on the circuit or device side of the substrate. 

Notice that all the metals ate refractory because 
of the need to withstand high- temperature envirorj- 
ments. (Hus is in contrast to the gold and aluninim 
used in corventioned silicon integrated circuits.) 

The bond pad is platinun, and the platinun bond wires 
are atta-.-hed by parallel-gap or ultrasonic wire borx}- 
ing. The 1-ise metal ixider the cathode is tisigsten. 

The cathode coating tt chnique was developed h»' 
Geppert, Core, and Muelle'- at Stanford Research 
Institute in 1969. This jechrique uses photoresist 
mixed with oxide cathode coating, which is then delin- 
eated photolithographically. 

In practice, the cathode coating is spun ento the 
weder and delineated like photoresist. The circuit is 
then packaged and placed on a vacuus pimp. The pack- 
ag’ is evacuated and tne cathode coating activated by 
app.ving power to the heater until the substrate ap- 
proaches 900*C. 

IXiiing normal operation, the heaters ate used to 
heat the .substrate to 75C-800*C in order to provide 
acceptable electron anission from the cathode 
(>100 nA/am 1 . 

Current Technology and Limitatiens 

Figure 4 is a picture of the first Los Alamos ITC 
device, manufactured in 1977. The lines and spaces 
are 5 mils. The heater pattern is visible on the back 
of the sapphire. The darker fingers are the cathodes. 

Figure 5 is an array of three devices from 1979. 
The cathcxle and grid lines ace 1 mil, and spaces be- 
tween grids cind catliode are 0.2 mil. 

Because the oxide cathode is granular in nature 
(with crystals on the order of 1 urn), the 0.1 spacing 
appears to represent an ciptimerl limit to device size. 

This technology yields a minimui device size of 
appeoxinately 10 by 3.5 mils, which is enough to hold 
over 12,000 devices on a pair of 3/4-in. -diam sapphire 
substrates. As will be described later, 'actors other 
thcin miniimm device size cnjrrently limit tre useful 
density of devices cn a substrate. 

Hiah-Tenperature CKieration 
•n ,e 40Q*C and 500*C (toerations to Date 

The high-temperature operation tests conducted tc 
date fall into two categories by time frame and pack- 
age material. The run September 1979 through February 
1980 used the stainless steel (302) or Kovar envelope 
rtaterials. Highi-taipierature vacuum feedthroughs using 
stainless steel, cdiminum, and high-temperature brazes 
were designed for tnese packages by Cetemaseal Corpo- 
ration, Nm< Lebanon, New York. Initially, these pack- 
ages had problons with the evolution of manganese, 
icon, and chtcmiim, (in the form of diatomic oxides, 
for example f*i,0, ), plus the liberation of gases at 
higher tonperatures. ks a result, these tests, de- 
scribed in the upper portion of T^le I, should only 
be considered prelLoinary. Even so, the 400*C test 
device operated successfully for ewer 7000 hours. A 
number of sinple circuits were also run in high-tan- 
perature envirocments using these Initial packages. 



Fig. 3. nv metalization and photolithography. 



Fig. 4. First Los AIoTOos ITC device (1977). 
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Fig. 5. iTiroe triodes (1979). 
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Him 'itM’tjwiupE Lire “reCT sunwof - 1st srens 


3SPP. 

Start 

_Date 

Hours 

TVpe 

Bulb 

t^terlal 

Qaiiicrts 

400*C 

9-26-79 

7750 

Triode 

Rovar 

No appreciable degracbtlon througb 6000 hours; 
anissicn loss thereafter stepped at 80% loss. 

500*C 

9-77-79 

1608 

flitplifier 

(2-devioe) 

Ko/ar 

Stopped - gain at 1; individial tests indicated 
emissicn loss. 

500*C 

9-17-79 

2590 

Triode 

Kcvar 

No emissicn degradatica thra^ 2000 hours; increasing 
gas load, anissicn loss thereafter stopped at 50%. 

500*C 

10-18-79 

430 

Triode 

Kcvar 

Stepped - loss of anission. 

500*C 

10-4-79 

4464 

Triode 

S.S. 

No dbgracfeticn throu^ 4000 hours; anissicn loss 
thereafter stepped at 50% loss. 

600*C 

9-20-79 

328 

Triode 

Kcvar 

Stopped - loss cf anissicn. 

500*C 

11-2-79 

1070 

Differential arp 
(6-device) 

Kcvar 

Stepped - decreasirq gain; electrical le>eikage 
on substrate. 

500*C 

11-7-79 

6144 

Ttiooe in Ti jig 

Kcvar 

Gradual declixe in anission with increasing 
gas loads after 2000 hours; stepped at 50% loss. 

500*C 

1-31-80 

588 

5-Wfe oscillator 

Kcvar 

Oscillaticn stopped; electrical leakage cn substrate. 

500*0 

2-19-80 

816 

5-Wz oecil labor 

Kcvar 

Oscillation stepped; electrical leakage cn siistrate 


The alxwe tests have all been tennirate^. Ftollowing tests are ongoing using hi^i-pirity nidcel bulbs and "clean* 
'■■eldinq techiiqjes. 


Him TOraViUTRE Lire test SUftWtY - 2nd SIRIES - IMPfCVtD RIB 


IteHO. 

Start 

Date 

10-8-80 

Hours 

TVoe 

Bulb 

Qjunaits 

500*C 

5-9-80 

3648 

Triode 

Ni 

No degiadaticn in anissicn; no leakage. 

550*C 

7-8-80 

2208 

Triode 

Hi 

vaived off puip to facilitate gas burst tests; 
developed loops. Burst best at 1400 hours indicated 
argon present; evidence of ^ cleared and did not 


In all cases, lailure was due to electrical leakage on 
the sut)strate because the metals were being liberated 
from the package. Th“ S-Hiz Hartley oscillator oper- 
ated with both the capacitor and inductor at 500*C. 

With the understandings evolved frati the stain- 
less steel cind Kcvar tests, a nover package was de- 
signed using nickel. The first test began Nay 19, 
1980, and is still runring eifter 6312 hours. Figures 
6 and 7 shew the device characteristics on Nay 19 and 
October 9. The device characteristics are virtually 
unchanged. 

The second test, also ongoing, uses a device 
operating at 550*C; the device is valved off the puip 
to allcw periodic gas-burst tests. This device is 
still being evaluated after 2200 hours. The results 
are tentative because no signs of gas have been seen 
in the characteristics after the 1400-hour gas burst. 

CanclUfiions aegardina Hiah-'Pempe ratute Ooeraticn 



Based on the tests performed to date, ITC tech- 
nology has demonstrated the ability to operate 
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Fig. 6. improved package (500*0 first day 




Fig. 7, Device (500*C) after 3600 noiir». 


successfully ajxJ reliably for thousands of hours at 
tenperatures up to 500*C. This temperature is r jt the 
fundamental limit for nc devices, and with the wolu- 
tior of better gettering techniques (more complex than 
titaniim) and packaging techniques (perhaps glass- 
ceramic - reference paper to be given at this confer- 
ence ty Dr. aiff Ballard, Sandia Laboratories) , 
hi^er tejiperature operations are expected in the 
future. 


Circuits 

Ttie design of ITC circuits is in many ways simi- 
lar to the design of conventional integrated circuits. 
Therefore, ITC design techniques use the advantages 
gained from the simultaneous fabrication of many de- 
vices on the srane substrate. The inherent matching of 
device characteristics and the tracking of these char- 
acteristics over temperature cind life are exploited. 
Functional circuit elanents such as differentional 
stc.ges, current sources, and circuits that use active 
devices as loads have been fabricated using discrete 
ITC devices, and their performance has been verified 
against theory. The siiifile active loau, shcvn in 
Fig. 8, is particularly valuable because its gain 



r 


Fig. 8. Gain stage with active load. 


(-«//) is only depondcrt on device geometry, the ratio 
of lino width to cathode-anode spacing. Therefore, 
the gain of the stage is independent of tlie trans- 
conductances of the two devices and, hence, of the 
operating tanperatures. 

As a result of the success of designing func- 
tional ITC circuits using discrete devices, the design 
of integrated ITC circuits has become the recent em- 
phasis of the program. Because these efforts are on- 
going, this section will tiainly contain general com- 
ments and directions for future work. 

The design of integrated circuitry with complex 
functions on a single pair of substrates presents new 
challenges and possibilities as a rasult of devic? 
matcldng and, unfortumtely, some problems, in p 'tic- 
ular, electrostatic interactions between devices. 

■■ -'ire 9 schematically depicts the origin of 
such, interactions. 



— =ELECTRIC FIELD 


''ig. 9. Ilecrtrostatic interactions. 


The key to increasing the functional complexity 
and maximin gain on a single substrate pair will be 
the development of appropriate techniques for making 
design tradeoffs beb/een device layout iposition on 
the substrate) and circuit function. 

Although results are still tentative. Figs. 10 
and 11 shcxii the leryout of one experimental pair of sub- 
strates for a differential gain stage. In current ex- 
periments, a series of device masks are used to photo- 
lithographically generate an array of devices, which 
are then interconneerted using a series of masks with 
line segnents. Results suggest that a reasonable 
r-year goal for ITC technology is the design of 
operational amplifier with a voltage gain of 1000 or 
more on a pair of 0. 75-in. -diam substrates. 

Conclusions 

Bas"d on the results described above, the future 
for ITC technology is bright. Progranmatic efforts 
have led to an ITC technology with demonstrated high- 
toifierature capability (500*C fer thousands of hours) 
and to fabrication techniques commensurate with mass 
production. Physical models and detailed device un- 
derstandings have been developed. Preliminary cir- 
cuits using discrete devices, single not integrated, 
have demonstated the potential of ITCs. All that re- 
mains is the final development of integrated circuit 
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design techniques and the- demonstration of integrated 
circuity. 

The results of the ITC deveiopnent program sug- 
gest that rPCS may become an important technology tor 
high-tonperature instrumentation and control sj'stems 
in geothermal and other high-ternperatu’-e environments. 






GA*.L1UM PHOSPHIDE HIGH TEMPERATURE DIODES* 


V/- 


R. J. Chaffin, Division 5133 
L. R. Dawson, Division 5154 
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Albuquerque, New Mexico 87185 


SUMMARY 

The purpose of this work is to develop 
high temperature (>300 C) diodes for geothermal and 
other energy applications. A comparison of reverse 
leakage currents of Si, GaAs and Gap is made. 

Diodes made from GaP should be usable to >500°C. An 
LPE process for rroducing high quality, grown junction 
GaP diodes is described. This process uses low vapor 
pressure Mg as a dopant which allows multiple boat 
growth in the same LPE run. These LPE wafers have 
been cut into die and metallized to make the diodes. 
These diodes produce leakage currents below 10"^ 

A/ cm' at 400 C while exhibiting good high temperature 
rectification chaiacteristics. High temperature life 
test data is presented which shows exceptional stabil- 
ity of the V-I characteristics. 

I THEORY 


The choice of semiconductor material used to 
fabricate diodes is dominated by the reverse leakage 
characteristics desired. The reverse leakage current 
density of an abrupt P* -N junction is given by:*'^ 



where D •= hole diffusion coefficient 
P 

Tp » hole lifetime (in the n region) 

= depletion region carrier lifetime 
n^ = intrinsic carrier concentration 
c « electronic charge 
Np « do.n-'r concentration 
W = depletion layer width 

The first term on the right side of Eq. (1) 
represents the diffusion of minority carriers within 
a diffusion length of the junction which produces a 
reverse leakage current. This component is independ- 
ent of bias. The second term on the right of Eq. (1) 
represents generation-recombination current in the 
depletion region and is dependent on bias through the 
depletion width. Generally the recombination current 
term will dominate at low temperatures the diffusion 
current term will dominate at higher temperatures. 

The crossover point is pi imarily dependent on the 
semiconductor band gap and carrier lifetime. The 
appropriate parameters for Silicon (si) , Gallium 
Arsenide (GaAs) and Gallium Phosphide (Gap) were used 
to evaluate Eq. (1) as a function of temperature fer 
the three materials. The results for reverse leakage 
current density at -3V are shown in Figure 1. Thr 
arrews on the curves mark the crossover temperanure 
of tie two components of leakage current. For 
tempetatures to the left of the arrows generation- 
recombination current dominates and diffusion current 
dominates at temperatures to the right. 


•This %#orV. sponsored by the U. S. Department of Energy 
(D.O.E.) unJer Contract DE-AC04- /6-DP00789 

*^A. 0. S Department or Energy facility. 


The figure shows that for temperatures in the 
70-300 C range GaAs and Si have similar leakage 
currents. (The high depletion region generation- 
recombination current in GaAs offsets its wider 
bandgap.) Calculations show that GaP diode reverse 
leakage should be dominated by generation-recombina- 
tion current up to 650 C and is at least 5 orders of 
magnitude lower than Si. Hence it can be seen that 
Gap should be an excellent choice for high temperature 
semiconductor devices. 


This fact is demonstrated in Figure 2. This 
figure shows a V-I characteristic of a Sandia-made 
P"*^ -N GaP diode at 400°C. The leakage of the Gap 
diode is not discernable on the figure. The measured 
current density at -3V and 400°C was 7 x 10”“ amp/cm' 
for the Gap diode. 
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Figure 1. Comparison of reversi leakage current 
density vs. temperature tor GaAs, Si and GaP. 



Figure 2-^ Gap grown junction diode characterist- 
ic at aOO C. (Horizontal ■ 5V/div, vertical -• 1 mA/ 
div.) 

II DIODE FABRI C ATION 

To realize a device whose operation will not K, 
degraded by the high density of chemical impurities 
and structural defects present in typical bulk GaP 
substrate material, the all-epitaxial structure of 
Figure 3 is used. The N side of the junction is 
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lightly doped to provide as high reverse oreakdovm 
voltage as possible. The P side can the.i be relatively 
highly doped to fa 'ilitate ohmic contacting of the top 
surface. 

This structure was prepared using liquid phase 
epitaxy for the qro'.'th of both layers during a single 
growth cycle. 



Figure 3. Grown Junction GiP Diode. 

The growth apparatus shown in Figure 4 is a 
sliding boat assembly constructed from high purity 
graphite. The body of the assembly contains wells 
for two y,rowth solutions, one for the >,rowth of the 
N layer, a second for the growth of the P layer. To 
maintain background (no intentional doping) carrier 
co..centration as low as the 1 x lo'^ cm"’ level desired 
for the N layer, the growth temperature used wfs 85u'’c. 
At this relative !'• low growth temperature. Si contamin- 
ation of the grower solutions from the quartz walls of 
the system xs minimal. To ensure that no crass 
oo.n tarn inat ion of the N solution occurs from the 
heavily doped P solution, relatively non-volatile Kg 
is used as the p dopant in place of the highly volatile 
Dn normally used to dope GaP P type.^ Since Mg 
possesses a stable oxide, provision is made for adding 
this dopant after a pre- bake cycle removes residual 
oxygen from the growth solutions, as in Figure 4A. 

The syrtem is then permitted to equilibrate at the 
growth temperature (850°C) for 2 hours, as in 48, 
after which the slider is translated to bring the 
Gap substrate into contact with the first growth 
solution, as in 4C. Cooling then causes the solution 
t-> become super-saturated and epitaxial growth occurs 
on the substrate. Vfhen the N- layer is sufficient!/ 
thick, the slider is again translated to bring the 
substrate in contact with the second melt for growth 
of the P layer , after which f>'.rt!ier translation of the 
slider separates the i,ui>strate from the liquid. 

The diode metallization system used was; 

P* contact - Be/Au (300o£ A. 1% Be by weight) 

(7 mil dot) followed by 3000A of pure Au 
^ (vacuum evaporated) 

N contact - The contact was sputtered (full 
surface) in the following sequence; 

Au/Ge (8P/12) <1.1000 A,_^Au t 2S0)t, 

Ni <v 600 A, Au <1. 4000 A, 

Contacts annealed at 450°C (10 minutes' in 

The first lot of diodes tested were mounted in ceramic 
flat pack headers (N'*' side down) with a high tempera- 
ture, polymide silver loaded adhesive. Gold wires 
(1.5 mil) were used to make contact to the top of the 
die. however, this confrguratio.a was found to be 
unsatisfactory due to deterioration of the adhesive at 
high temperatures. The scheme finally chosen was a 


1 

stres3*free configu^-ation using 1.5 mil diameter gold 
wires bonded to each side of the chip. *his was done 
to eliminate anv die attach stresses or material 
interactions due to the header attachment scheme. 

These devices are shown In Figure 5. It should bo 
emp)*a!tized that the mounting configuration shown in 
Figur-! 5 is not propose ' for fielded Jevicos, but 
rather it lu a scheme used to remove any contribution 
of header Jtress or bonding agent reactions for 
testing device characteristics. 
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Figure 4. Liquid Phase tpit.'.xial Growth System. 



Figure 5. Stress-Free Diode Houn-. 

Ill DIODE CHARACTERI ST ICS 


A typical I-V characteristic of a GaP diode was 
shown in Figure 2. The breakdown voltage was measured 
to be 90V at 400 C; the breakdown characteristic re- 
mains fairly sharp even at this elevated temperature. 
The fact that the leakage current is larger them the 
value predicted (see Figure 1) means that there is some 
leakage au the sawed edges of the dir. 

The zero bias capacitance of the 15 mil square 
chips was measured to be 22 pF. This corresponds to 
a 0.56 u zerc bias depletion width. 
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IV ENVIRONMENTftL TESTS 


REFEKENCES 


The GaP diodes were subjected to a life test 
under bias. Three bias conditions were used: forward 
bias (S mA) , reverse bias (-10 v) and open circuit 
(zero bias) . The diodes were placed in ovens at 
3C0°C. The devices were not sealed and the oven 
contained toon air. The paraneters of the diodes 
were checked as a function of t>">e in the oven. 

The results af this test are summarized in 
Figure 6. This figure shows that no detectable 
degradation if series resistance occurred in any of 
the three bias states. The room temperature reverse 
leakage did slajw a slight increase, increasing from 
nominally 10“’ amps to lO”*’ amps after 991 hours at 
300**^. There was not a strong correlation between 
bias state and leakage increase. The reverse leak- 
age at 300 C showed a slight decrease after 991 
hours. This stability in diode parameters is inter- 
preted as meaning that the diode metallizations and 
junction dopants are stable at 300°C with bias for 
least 1000 hours. 
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V CONCLUSIONS 

This paper has presented data on gallium- 
phosphide, grown junction diodes for high temperature 
at plications. Information on fabrication methods 
were presented. Evaluation data shows: good low 

leakage rectificatxcn characteristics at 400 C and 
st^d^le junction and metallization parameters at 300 C 
for at least 1000 hours. The only problem encountered 
was the "high temperature" polyimide adhesive used to 
bond the diode chips to the headers. A new eutetic 
chip bonding procedure rs presetitly being developed 
to solve this problem. 
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A GALLIUM PHOSPHIDE HIGH-TEKPERATURE BIPOLAR JUNCTION TRANSISTOR* 
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SUMMARY 

Prelisdnary results are reported on the develop- 
nent of a high-teapcrature (>350°C) galliua phosphide 
bipolar junction transistor (BJT) for geo-Jiersal and 
other energy applications. This four-layer p*n"pp* 
structure was formed by liquid phase epitaxy using a 
siQiercooling technique to insure uniforr. nucleation 
of the thin layers. Magnesium was used as the p-type 
dopant to avoid excessive out-diffusion into the 
lightly doped base. By appropriate choice of elec- 
trodes, the device nay also be driven as an n-channel 
junction field-effect cransistor. 

Tite gallium phosphide BJT is observed to have a 
common-emitter current gain peaking in the range of 
6-10 {for temperatures fnxi to 400^0 and a room- 

temperature, punchthrough-limited, collector-emitter 
breakdown voltage of approximately -6V. other para- 
meters of interest include an f^ = 400 KHz (at 20*’C) 
and a collector base leakage current - -200 uA (at 
350°C) . 

The initial design suffers from a series resist- 
ance problem vdtich limits the transistor's usefulness 
at high tes^ratures. This is not a fundamental 
material limit, and second generation structures are 
presently in process idiich will alleviate this problem 
as well as improve the device's output resistance and 
breakdown voltage. 

INTRODUCTION 

Rec '.t successful operation^ of gallium phosphide 
high-temperature diodes at temperatures and times 
exceeding 300*^0 and 1000 hours respectively, has 
prompted the development of a gallium phosphide 
bipolar junction transistor (BJT) for geothermal and 
other energy applications. Using contacting and epi- 
taxial growth technologies similar to the diodes of 
Ref. 1, a prototype, four-layer p n”pp* structure 
has been successfully fabricated and evaluated at 
temperatures up to 440°C. The processing sequence 
and device characteristics of the GaP BJT, as well 
as suggested improvements and predicted characteristics 
will be discussed. 

FABRICATION 

The structure of the prototype GaP traniistor 
is shown in Fig. 1. This all-epitaxial device 
incorporates a double-base stripe geometry, a mesa- 
isolated emitter region, and a s^w-isolated 
collector region, important structural information 
is summarized in Ted>le l t>elow. By appropriate 
connection of electrodes, the device may also be 
driven as an n-channel junction field-effect 
tr^ulsistor (JFET) . 


•This work sponsored by the U. S. Department of Energy 
(D.O.E.) under Contract DE-AC04-76-DP00789. 

^A U. S. Department of Energy facility. 


TABLE I 


Bnitter acceptor concentration 

2.xl0‘®cm“’ 

Quitter thic)cness 

0.9 um 

B»itter-Basc jtnction ar^a 

4.6x10"'* cm* 

Base donor concentration 

2.xlO**cm"3 

Base thic)uie$s 

1.1 um 

Epitaxial collector acceptor 
concentration 

l.Sxlo’Vcm' 

Epitaxial collector thic)uiess 

4 um 

Collector-Base junction ares 

4.xl0"lcm* 

Substrate acceptor concentration 

l.xl0>*cm-’ 



Figure 1. Structure of a prototype GaP high-tempera- 
turc bipolar junction transistor (BJT) with a mesa- 
etched emitter, chip size 500x750 um. The device 
may also be driven as an n-channel junction field- 
effect trcinsistor (JFET) where the base region 
serves as the channel and the emitter emd collector 
regions function as upper and lower gates, respective- 
ly. 

The device of Fig. 1 is fabricated from a 
3-layer ptn“p structure prep>ared by liquid phase 
epitaxy (LPE; on a p'*' substrate. The graphite 
sliding boat assembly used to grow these layers 
is shown ii\ Fig. 2. Mon-volatile Mg is used as 
the p-type dopant to avoid vapor-phase contamina- 
tion of the lightly doped n-type growth solution . 

A pre-bake under flowing purified H^ in position 
2a is used to remove residual oxygen from the 
growth solutions before addition of the Mg dopant. 
After addition of Mg, the system is raised to the 
growth ten^rature (850^C) and held for ~2 hrs. to 
allow saturation of the solution with phosp)>orcs 
(Fig. 2b) . Growth is initiated by quickly de- 
creasing the system temperature by 15°C, causing 
each solution to Isecome correspondingly super- 
cooled. The slider is then tramslated to bring 
the GaP substrate in contact with the first super- 
cooled solution, as in Fig. 2c. Due to the super- 
cooling, nucleation immediately occurs on the 
substrate, leading to epitaxial growth. Subsequent 
translation of the slider brings the substrate in 
contact with the other growth solutions for the 
completion of the multilayer structure. 
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By adjusting the aaiount of supcL'cooling and 
the duration of contact bet'-ieen substrate and 
growth solution, layer thiclutesses as small as 
0.2 in can be controlled. Interface planarity, 
as delineated by staining in iHFtlHjO^, is 
excellent, owing to the supercool ina technique, 
which avoids nonunifom nucleation and island 
growth. 
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Figure 3. Processing sequence for the prototype 
GaP BJT 


Figure 2. Graphite sliding boat asserbly used for 
liquid phase epitax;al growth of the three ai-tive 
layers of the GaP BJT. 

Once the resistivity and thickness of all 
three active layers are defined by LPE, the 
processing sequence of Fig. 3 is implemented to 
uncover the base and contact all three regions. 

The first step (Fig, 3a) involves definition 
of a thermally evaporated Au-Be/Au emitter 
metalization by a single-step optical lift-off 
process.^ Next, 300 nm of plasma-enhanced 
CVD Si-N is deposited and patterned to ser-'e 
as a masking material for the GaP etchant. The 
emitter mesa is then formed (Fig. 3b) by chemical- 
ly removing unwanted p*" matcL'ial in a K-Fe(^) ^ 
(0.5 molar) : KOH (1.0 molar) TOlution at 17 C. 
Without agitation this mixture etches p-type GaP 
at 80 ♦ 8 nm/min. The Au-Ge/Ni/Au base metal- 
ization is then defined (Fig. 3c) by deposition 
through a shadow mask. After thermal evaporation 
of che Au-Be/Au collector metalization on the 
back of the wafer, the contacts are annealed 
at 500°C for 15 min in H-. Individual transistors 
are tnen formed (Fig. 3d) by sawing the wafer 
into dice with a high-speed diamond-impregnated 
saw- The transistors are then mounted in ceramic 
headers using a silver loaded polyimide adhesive 
and contact is made using thermocompression- 
bonded, i.O mil Au wire. This packaging technique 
is unsati.afactory for life testing, however, as 
the polyimide adhesive i.s kn^ to fail after 
extended use at or above 300 C. 


DEVICE EVALUATION AND DlS'.TJSSIOH 

The GaP transistor described above was evaluated 
in both the bipolar and .IFET nodes. Common-emitber 
output characteristics of the device at 20 c and 350 C 
are shown in Fig. 4. The transistor is observed to 
have a common-emitter current gain (at 20 C or 350 C) 
peaking in the range of 6-10 and a room temperature, 
punchthrough-limitei, collector-emitter breakdown 
voltage of approximately -6V. Other parameters of 
interest for this device include an - 400 kUz 
( 20 C) and a collector-bare leakage current = - 200 uA 
(T = 350 C, Vj-g = -4V) . A simple amplifier construct- 
ed from this transistor produced power gains of: 

16dB at 20°C and 350°C; 12.5 dB at 400°C: and 2.2dB 
at 440"c. c^>crated as a JFET the transistor had a 
double-gate pinchoff voltage = 1.8V (20*^) and a 
conuDon-source cransconductance = 120 uG (20°) . No 
expended life tests >iave been performed on these 
St ructures to date . 

The low value of the cennton-source transconduct- 
ance and t)ie degradation of the common-emitter output 
characteristics at high-temperature are both due to 
excessive series resistance in the lightly doped 
n-type region of the initial design. In the JFET 
mode, tnis resistance appears in series with the 
source and drain. This seriously degrades the JFET 
properties as any voltage drop across the source 
resistance appears as negative feedback on the gate. 
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Filturi- i. l\»taoon -omit ter <Miipiit characteristics of 
the aiP an .It ZCj^C .ina (I^ • -0.ia.\Mlv. 

V « -IV aiv, ‘1_ • -<j.nSa.\fsl«-r. The .-urvos .ire 

cr a 

iiivert»-j ; ^ ol.irltvK 

In the bipol.ir b.iJo the resist..ni.<. of the n-tv|H- 
region .iroo.irs js a parasitic h.isv resist ince. The 
voitaRO 'irop ■J«*velopo<J aer.'SS this resist-inee hv the 
h.sse current causes .1 ilerre.ise in the effective eritter 
area ot the Jevice. This effect is .iccentu-itej by the 
transistors* l.>v value of current R.iin. The iffective 
enit ter area in tur- rusiulates the effective collector 
•ind emitter re-sistan.'es. As hole anJ e!e-e-tron n«'i M- 
ities de*crease‘ at hiRh terape-rature, ail series 
re'sistances ipcn-a.si- and the c>ooon-e-nit ter output 
characteristics appear to collapse- frixs the- saturatie-n 
s ide. 


Looking at this effect in a different vay , Pig. S 
shows connon-eBitter . a. c. current gain as a function 
of collector current and tea|«rature. The current 
oain below tl; i Kirk effect' lin.t sra-/s relatively 
constant with teaperature whereas the {>cak in the 
current gain decreases. The iB;>octant point to note 
from Fig. S is chat the poor high-tcaperature 
proi«rties of the device are l-anited by the scries 
resistance of our rather crude initial gcoeietry and 
not bo ary fundaracntal aaterials limit. 



An improved structure presc.atly in process whicb 
addresses sme of these problems is shown in Pig. 6. 
This device utilizes selective thit.ri*e o^ the base 
region and a metallorganic CVD deposited u'ltter to 
determine active device areas. A thicker inactive 
base region with an optimized dopinu concentracio.i 
should decrease base lesistanco, increase the 
callcctor- Slitter breakdown voltage and increase the 
output resistance. An etched rather than sawn 
termination of the collector-base junction >=hould 
reduce collector-base leakage at hirh-temperatures. 
'Itiliziis) improved structures such ar the one .ihown 
in Pig. 6. a GaP device operating at 400^*0 for periods 
in excels of 1000 hours is expected in the near 
future. 



Figure 6. An improved GaP BJT incorporating a 
selectively thinnrd base region, an emitter region 
deposited by metal lorganic CVD, and an etch- 
terminated collector-base junction. 

CONCLUSION 


Preliminary results have been reported on the 
develo|zaent of a GaP bipolar junction transistor 
tor geothermal and other higi -temperature applications. 
A fabrication scgucnce for the transistor as well 
as device characteristics have been described. A 
scries resistance problem with the initial design 
las been identified and suggestions hava been mode for 
improved structures. 

The authors wish to thank T. A. Plut 
J. 3. Snelling, and R. Chavez for their exi -n. assist- 
ance in the preparation and measurement of thez-' 
samples. 
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an altemarive to al-jninia gate devices, which have 
b»-.on found to be unreliable as RF power aaollfiers. 

The reliability of the new structures has not yet 
bMn deterained, and this work was undertaken to pro- 
vide statistics of failure and Inforaarlon about 
oechanisas of failure in retiactory gate HESFETs. 

Test Cranslst''r£. were stressed under conditions of 
high tei.pera'.-jre ai>d forward gate current to enhance 
failure; results of work at ISO °C and 275 °C are 
repur ;eO here. 

Introduction 

Ici.l recent'y, the seniconducto- industry aetal 
standa-d for MESFET fabrication was aluainuB, par- 
ticularly for the gate. The reliability of aliasinun 

■etallixed NESFET*’ h.is beer extensively stiuiied,^ 
and certain failu'e sttchanisns have been identified, 
all involving the aluainun gat-: netalliaation. The 
BDst laportanr of these are sluninuB electronigratijn 
and gold-aluainua phase fonation. The failure prob- 
len in aluninu netallized power MESFETs has becosie 
so acute that the alunicjn gate is being abandoned, 
and a refractory gate is being introduced in its 
place. This gate consists of a refractory netal 
Schottky contact and a conducting gold Betallizatlon, 
separated by some intermediate metal to provide .aetal- 
iurgical stability; the most common refractory gate 
is titanium-platinum-gold. The reliability of refrac- 
tory gate MESFETs has been assumed to be better than 
that of aluminum gate MESFETs. However, electro- 

1 1-12 

migration has been observed . i gold and in tlta- 

lT-14 

ttium-gold ' films, and failute nodes in refractory 
gate devices similar to those in aluminum gate devices 
are possible. This work tras undertaken t<- .<btain 
statistics on failure for and to determine failure 
nodes of refractory gate MESFETs. 

Experimental Procedure 

The ISSFET used in this work is the Texas Instru- 
ments MS801 galliiB arsenide transistor in the strip- 
line package. Each packaged chip consists of two 
individual cells, each cell delivering 250 mH of micro- 
wave power at 8 GHz; only one of the cells is used in 
the HS801. Normally, the chip is sealed in epoxy for 
protection; however, the epoxy fails near 200 C, so 
that the devices tested here were unencapsulated to 
permit measurements at higher temperatures. Source 
and drain ohmic contacts are formed bv evaporating a 
gold-germaniiai-nickel layer over the entire contact 
region and alloying, evaporating titanium-gold or 
chrome-gold, then gold-olatlng the source and drain 
pad regions. The source-drain separation is 6 iim; 
four central gate c-trlpes, 2 pm by .006 Inch, are 
conn.. ted in parallel at the gate pad. The gate 
stripes and pid'are formed by electron bea-' evaporating 
successive layers of titanium (the Schottky contact), 
platinum and gold. 

The test fixture is made from a nickel-clad high 
temperature laminate; contact is made between a high 
temperature PC board connector and the device leads by 

*This work was supported by the Naval Air Systems 
Command under Contract H00014-78-C-0738. 


way of striplines patterned in the nickel. The con- 
nectors accomodate two fixtures slde-ty-sidc; a 
stainless steel trey holds fourteen connectors, so 
that up to twenty-eight devices can be stressed simul- 
taneously. The temperature test chamber is a 31S °C 
inert gas oven configured for nitrogen flow. A three 
inch diameter feedthrough port, capped with a PTFE 
feedthrough, completes the test chamber arrangement. 

A thermocouple measures the temperature at the geo- 
metric center of the tray at sample height. 

The devices were stressed elec rically at two 
channel temperatures, ISO ‘'c and 275 °C. Electrical 
stress consisted of biasing each device near I and 

QSS 

driving the gate into forward condition, in some cases, 
quite heavily. The devices could not be biased at the 
same values of 1^^^, and simultaneously at the same 

draln-souroe voltages, because of their dli^crent 
characteristics; in order to maintain e',ual DC chaimel 
P- .er dissipation, and equal channel temperatures for 
all device.s during stress, the device with the lotrest 

1. curve (\ “ 0) tas biased at Che intersection 

dss gs 

of the load line and the I . curve and Che other 

dss 

devices (at the s.,we ctuuaber temperature) were biased 
at a drain current equa? Co that value of 1^^. For 

equal load lines, all devices then were biased sC Che 
same quiescent value of Although tiie other de- 

vices were biased belov.’ their T values, forward 

dss * 

gate current flowed for sufficient positive gate- 
source voltage swing. The gate-source voltage swings 
were set to provide equal drain-source voltage swings, 
in order to obtain Che same AC channel power dis- 
sipation. 

The output resistance of the MESFET becomes nega- 
tive at certain values of Che drain current and drain- 
source voltage. If the load line passes through a 
region of device negative resistance, there is a con- 
siderable possibility of oscillation, so that the 
drain resistance must be such as to limit operation to 
a safe region, Chat is, to a region of positive cutpuC 
resistance. The safe value of the drain resistance is 
obtained by drawing a load line which begins at the 
drain bias voltage on Che axis and which crosses 

the curve at its corner. Just below the point at 

which the output resistance becomes negative. This 
value is, of cov-ie, different for different devices, 
and even for a tigle device at various temperatures, 
decreases w t Increasing temperature; for a 

given transistor, a drain resistor will have its high- 
est safe value at Che highest test temperature. If 
that highest value is chosen as the drain load, the 
load line will be safe at all lower temperatures. 
Furthermore, If that safe value Is calculated on the 

basis of the lowest I, curve cut of the entire set 
dss 

of transistors, Chat value will assure a safe load 
line for every device in the set, at any temperature 
below the maximum test temperature. (This assumes 
Chat all devices exhibit roughly Che same percentage 
decrease in 1^^^ with inrreasing temperature; the as- 
sumption was validated by comparing the behavior of 
several devices.) If Che same load resistance is used 
for every test device, each MESFET can be biased Co 
the same quiescent point, and driven with identical 
AC swings. The average drain powe. llssipsted is the 


Refractory gate MESFETs have been fabricated as 
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Results and Discussion 


sane for each device, so that power (of . hannel tem- 
perature) Is the same; however, If the gate of each 
device Is driven Into forward conduction, the' forward 
current drawn by each gate Is different for e<iual 
drain current swings (for different values). 

The statistically significant stress Is then the tot- 
ward gate current. 

The gate voltage was varied around Its quiescent 
point, so that forward current flowed oaly during part 
of the AC cycle. Very low reverse gate currents 
flowed when the drain current was below 1^,^, that is, 

for negative gate-source swings, so that a roughly 
half-wave rectified forward gate current was obtained; 
true sinusoidal behavior could not be obtained be- 
cause of the .non-linearity of the diode curve. The 
high teaperatnre stress was Interrupted at logarithmic 
tisM Intervals acd the devices trere cooled down to 
rotn temperature tor failure characterization. The 
stras'i periods werv nomli>a'.ly 20, 30, 100, 200, 300, 
and 1000 hours. 


blectrlca l Measurements 


Five measurements were originally planned for 
high tesq>erature characterization and failure analysis: 
the characteristic curves, from which the .transcon- 

ductance, g , could be obtained; the pinch-off vol- 

B 


cage, an vs. curve; the gate-scarce, re- 
verse leakage current (drain-source short), 1 ; 

rgss 

the forward gat'o-source current-voltage characteris- 
tics (drain-so-arce short), Ifgggl 

gate-source capacitance (drain-source short) , C 

gss 

The capacitance measurement could not be performed 
because of the very high parasiticr. associated with 
Che tesr rssembly. The gate leakage current measure- 
ments were not made at elevated temperatures, inasmuch 
as the very high reverse gate-source currents made 
these measurements impractical. The time required to 
make a complete series of measurements at high tem- 
peratures for the total number of devices involved 
was long enough to be comparable to the stress periods 
between room temperature measurercat ; elimination of 
the .everse leakage measurement, which is primarily of 
value as a room temperature failure criterion, reduced 
the Ci‘Lal high temperature measurement time signifi- 
cantly. In order to reduce the time even more, high 
resolution plnch-off voltage measurements were not 
made at elevated temperatures; that Is. V could be 


estimated from the high temperature characteristic 
curves, but no special measurement was made. The 
plnch-off voltage, like the gate-source reverse 
leakage, is a useful room temperature failure cri- 
terion. However, Che characteristic curves, 1^^^, 

and Ifggg, related theoretically to tem- 

perature; these measurements were perfoimed for every 
devlc! at high temperature. The forward gate-source 
current measurements are particularly important. 
Inasmuch as they provide Che n-factors and saturation 
currents (and barrier heights) for the gate SchoCCky 
diodes. Characterization of the devices was performed 
initially at room temperature and each time the de- 
vices were cooled back to room temperature (noniinally 
at 20, 30, 100, 200, 300, and 1000 hours) after a high 
temperature stress. High temperature measurements 
were ude after the oven temperature had stabilized at 
its high temperature value. Just before the oven power 
was turned off to cool Che devices, and at dally In- 
tervals in between. 


^dss ^ds were obtained and provided 

values of I. at V. • 2.3 V and at V. • 0.3 V; the 

dss ris ds 

latter Is essentially the slope of the curve be- 

fur» current saturation, and is related to the channel 
resistaucs. The pinch-off voltage was aeflned as the 
gate-source vultege required to reduce the drain cur- 
rent, at - 2.5 V, to 20Z of the value of 1^^^ at 

that voltage. Inasmuch as l^igg changed during the 

stress, two plnch-off measurements were made; one oas 
based on the -ariglnal value of before stress, 

I . , and the other, on the value of 1 at the time 

dsso* dss 

of the plncii-off voltage measurement. The characteris- 
tic curves oere also obtained and the values of the 
transconduccance, g , were calculated at the point of 

B 


intersection of the load line and V 


ds 


2.5 V. The 


reverse leakage current, l^g^^, was measured at a nega- 

Civi gate-source voltage of 4 V, with a dialn-source 
shoi c. Finally, Che forward gate-source diode charac- 
teristics, with a drain-source short were measured. 

The high temperature measurem'nts were made under the 
same conditions, except that Che pinch-off voltage and 
the reverse gate leakage current were not measured. 

The zero voltage saturation current, 1^, and the 

ideality factor, n, were calculated from Che measured 
forward gate-source diode characteristics. The bar- 
rier height at Che gate-source interface was estimated 
from the values of 1 at room temperature and at the 


stress temperature. Failed devices were examined 
under a microscope, and their appearance was compared 
with the appearance of similarly stress unfalled de- 
vices. 


Ten devices out of twenty-one failed aa a result 
of stress at 130 C; seven failed catastrophically be- 
cause of damage to the gate lead and pad (five) or to 
the drain pad (two) , and three exhibited electrically 
degraded behavior. Two of Che latter became leaky, 
while the third exhibited a sharp reducti >n in 1^^^ ; 

no physical changes could be seen in the three under 
Che microscope. There was no clear change in any of 
Che measured electrical parameters for any device r-rw- 
redlng failure, nor for any unfalled device to the end 
of £ tress, either at room temperature or at 130 C; In 
other words, there was no obvious electrical indication 
of degradation or as a prccur. ' £cr catastrophic fail- 
ure. No evidence of eleccromli, tion could be seen by 
optical microscopy in any device . failed or not. 

These re.tults at ISO °C are consistent with results 

obtained in other DC and RF measurements. 

Twenty devices were stressed at. T75 C; seventeen 
failed catastrophically. Six of the catastrophic fail- 
ures were infant failures, occurring at the stress 
temperature within five hours of the beginning of the 
stress. The electrical failure mode here was high gate 
leakage and high channel resistance; microscopic exami- 
nation revealed gate pad dazuge in every case, with a 
burned area bridging the gate pad and source pad. Some 
drain-source coimson damage was also observed, but this 
may have been spill-over. The other eleven devices 
failed at times up to 1000 hours; six had high gate 
leakage and five were open gates. The open gate de- 
vices had lost their gate leads; the gate pads were 
blackened and heavily damaged. Four of the six de- 
vices with high gate leakage displayed the same kind 
of ,.Jte pad-source pad damage and bridging as did thn 
infant failures. It was not possible to determine 
from the microscopic examination whether the gate pad 
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Called, or If it fused as the result of failure else- 
Mhere in the device. 

The eleven devices failed at the stress tea- 
perature also. All failed before the final rooa 
teaperature aeasureaents, at 1000 hours, could be 
perforaed. However, certain rooa teaperature trends 
could be established by SOO hours of stress. In 
gMieral, 1. decreased froa its pre-stress value, 

QS8 

on the average, by 12Z, although decreases as great 
as 25Z were observed; channel resistance increased 
by around ISZ; differential transconductance re- 
aalned about the saae, although the absolute trans- 
conductance decreased because of the coapression of 
the characteristic curves; pinch-off voltage de- 
creased because of the reduction in I , ; the re- 

dss 

verse leakage current becaae very high, in the order 
of alcroaaperes. The zero bias saturatioa current 
showed considerable variation; it is difficult tu 
obtain precise values of inasauch as an extrapo- 
lation to zero voltage is required, and a small 
change in the slope (the Ideality factor, n) of the 
forward log current vs. voltage curve will introduce 
considerable inaccuracy. The ideality tactor, n, 
increased from bet%Men 1.12 and 1.28 to around 1.18 
to 1.47. The barrier height at the gate-substiate 
interface was estimated, and decreased, in general, 
from around 0.8 eV to 0.7 eV. 

Tlie devices which did not fail catastrophically 
exhibited the saae trends, except that the changes 
after 1000 hours of stress were greater than those 

after 500 hours for the failed devices. I, de- 

dss 

creased by an average of 17Z; channel resistance 
increased by around lOt; the reverse leakage current 
%<as in Che order of tens of microanperes; the change 
in n was about the same as for the failed devices; 
and the est i ...led .-arrier height decreased froa some 

0.8 eV CO 0.6 eV. 

Excluding the infant failures, all devices, in- 
cluding chose irtiich did not fail catastrophically, 
showed significant alterations .‘n Che draia stripe 
metallization. There was also some lifting of the 
silicon nitride overcoat; this is probably an effect 
of Che high stres.; temperature, inasmuch as it also 
occurred in the adlacent cell, which had no gate or 
drain connection, and carried no current. There was 
a build-up of metal at the gate pad end of the drain 
stripes, appearing as raised hillocks, and a thinning 
of the drain stripes near the drain pad. This is a 
surprising result, and does not agree with other ob- 
servations on similar devices under RF conditions, 
in which the direction of metal migration is coward 
Che drain pad end of the drain stripes. The latter 
results, however, were obtained with essentially 
linear operation, and in the stresses impoced in this 
work, substantial forward gate current (between SO mA 
and 100 mA) flowed. No control measurements on only 
DC biased devices were made at 275 C, so tl.ai: it is 
not possible to assess the. effects of the forward 
gate current at this time 
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ELECntlCAL SWITCHING IN CAOHIIM BORACITE SINCtB CKTSTALS 

Tatsuo Takahariil anil Osanu Taaada 
RCA Reaearch Laboratortcp, Inc.i Machida Clt«> Tokyo, Japan 


Abstract - Cadniun boracita slngla crystals at high 
tenparaturas (<^ 300*C) «ere found to exhibit a 
revarsihla electric field-induced traasition between 
a highly insulatise and a conductive state. The 
airitchins threshold is snaller than a few volts for 
an electrode spacing of a few tenth of a nilliaieter 

2 3 

corresponding to an electric field of 10 10 V/cn. 

This is iBuch sanller than the dielectric break-down 
field for an insulator such as boracite. the insula- 
live state reappears after voltage reaoval. A pulse 
technique revealed two different types of switching. 
Unstable switching occurs when the pulse voltage 
slightly exceeds the switching threshold and is charac- 
terireo by a pre-switching delay and also a residual 
current after voltage pulse renoval. A stable type of 
switching occurs when the voltagi becoaes sufficiently 
high. Possible device applications of this switching 
phenoeenon are discussed. 

Introduction 

A series of coapounds having a cheaical focaula 

(M « divalent aetal, X - halogen) have been 

known to be isostructural with the mineral aagnesiua 
chlorine boracite (Hg^B^Oj^jCl) . These coapounds 

have an orthorhoabic -Pea structure at room tea- 

_5 - 

perature and transfora to a cubic T\-F43c structure 

d 

at a higher ceaperature. Extensive investigations 
of physical properties of boracite impounds were mnde 
in the past and some boracites were found to be ferro- 
electric and ferroaagnetlc siaultaneously at low 
"eaperatcres. Recently, we have successfully gro«m 
single crystals of Cd boracites, Cd^B^Oj^^X; X - Cl or 

Br, by a chemical vapor transport method. The 
crystallographic transition teaperatures were 520 + 

5'C for the Cd-Ci boracite and 430 + 5*C for the Cd-Br 
boracite. During aeasureaents on these crystals, we 
found that the crystals abruptly becaae conductive 
when a dc bias voltage was applied at above 300’C, 
temperatures considerably below the transition tem- 
perature. The switching was reproducible and closely 

resembled that observed in chalcogenide glasses. 
However, the critical field strength required for such 
2 3 

switching (10 'v 10 V/ca) was at least one or two 
orders of magnitude smaller than that In the case of 
aaorphous semlconducturs. The results of dc and pulse 
aeasureaents of this Interesting switching phenomenon 
are described below. Possible device applications of 
Chir phenomenon will also be discussed. 

S aaple Preparation and Measuring Technique 

The Cd boracite crystals were grown by a method 
described elsewhere. The crystals (max. edge length 
'“5 mm) were cut into slices having a simple crystallo- 
graphic face such as (100), (110), and (111) in 
pseudo-cubic Indices. Each slice was ground and 
polished with diamond paste. . Electrodes of Au/Cr film 
were evaporated. The Cr inner layer adheres rigidly 
to boracite surface to make a good supporting film for 
Che Au overlayet. Gold lead wires were attached to the 
electrodes with Ag-conduccing paste. In the dc 
aeasurements, the sample was connected in series with 

a large protective load resistance (10 'v 100 KO) . 

A voltage across Che sample (X) and a current through 
the load resistance (T) were' recorded on an X-Y 


recorder. 

In the pulse aeasureaents, the pulse generator (Toyo 
Telesonics) was capable of delivering e square pulse of 
nsxiBUB amplitude 10 V with various pulse lengths (1 
Msec “w 10 nsec) and pulse repetition rates (single 

sweep 'wlO^ pulses/sec). Both the dc pulse and the 
current through s 50 KQ load resistance mere recorded 
a storage oscilloscope (Tektroolx type 564). 

DC Messureaent 

When a crystal was hen ted to above a certain critical 
temperature T^, Che ervseal could be made conductive 

upon Che application of a dc voltage. Figure i is a 
schematic illusLrr Ion of current -voltage characteris- 
tics for such switching. As can be seen, the switching 
is symmetrical with respect to voltage polarity. 

Before switching, the current is determined by the 
sample resistance since it is much larger than R^. 



Fig. 1. dc current-voltage characteristics of a 

Cd-X boracite crystal (X « Cl or Br) at T > T . 

— c 

After the threshold is exceeded, a negative resistance 
region appears. In the 'on* scat.j, the dynamic resist- 
ance of the sample dV/dl takes a small positive or zero 
value. Un’lke the case of threshold switching in 
amorphous semiconductors, there does not exist a criti- 
cal current, or a so-called holding current at which 

the samrie abruptly switches back vo the 'off state. 

It seems that tne sample graduully returns to the 'off 
state as the current Is decreased. Therefore, the 
sample resistance in the 'on* state cannot be clearly 
defined. The threshold voltage is dependent upon 

temperature and deer- with teoverature increase. 

In Fig. 2, the temperature variation of V . for Cd-Cl 

th 

boracite sandwich electrode sables of "two different 
thickness are shown. Figutw- 3 is a similar result for 
a Cd-Br boracite sandwich electrode sample tliat shows 
the presence of temperature hysteresis on cooling. An 
apparent critical xanperature T , obtained by e.-rtra- 

polating to infinity, is cependent upon saaple 
thickness. Tht- rhlckei^the sample, the higher T^. The 
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threshold voltsge Is not s llnesr function of 

thickness; the critical iteld Increases with thickness, 

Ihe V . vs ceap?rature cur\'e does not show any anoealy 
th 

at the crystallographic transition teaperature T at 


tr 


which the peculiar twin 
It 


tllar structure disappears. 


10 


y t,e pointed out tliut lot thinner saaples Is 

Indeed very close to the Inflexion reeperature which 
appeared In differential theraal analysis (DTA) curves 
oi the crystal which are believed to show the exist- 
ence of a higher order phase transition. Much the 
saae results were obtained In the case ot coplanar 
electrode saa^>les. 



Tanpaolire (*Ct 


Fig. 2. Thrcs..old voltage V , .is a function of tem- 
perature for two Cd-Cl boracite sandwich electrode 
samples with different electrode spacings. 


"I 



rig. 3. Threshold voltage V, as a function of 
teaperature for a Cd-Br boradlte sandwich electrode 
saaple. 

When a saaple la kept In the 'on' state at a certain 
teaperature, stabilisation of the conductive state 
seeas to set In, That la. If the 'oc atata Is main- 
tained for a abort time, V aeasured lassadlately 

tn 

aftervarda la considerably aasller than Its previous 


value. After repeated switchings, the 'on' state Is 
teaporarily stabilized; The stabilization of the 'on' 
state, or 'memory switching,' is always preceded by 
threshold switching in Cd boracltes. Just as In the 

case of aeaory switching in chalcogenlde glasses. 

Th<‘ stabilized 'on' state In Cd boracltea eventually 
returns to the 'off state after the removal of a dc 
voltage. Coaplete recovery requires times ranging 
froa seconds to hours. The occurrence of stabilization 
of an 'oil' state makes Interpretation of dc measure- 
ments somewhat ambiguous. Accordingly, pulse 
acasureaents were carried out with results as next 
discussed below. 


Pulse Experiments 

Threshold switching was clearly observed In the 
pulse experiments. The crltlc.jl teaperature for 
switching was comparable to that observed In the dc 
experiments. However, there occurred several ocher 
peculiar phenomena not observed In the dc experiments. 

TVo different types of switching were distinguished 
In Che pulse experlaents. The first type appears near 
the voltage switching threshold and Is characterized 
hy a time delay before switching and by an unstable 
c.irrent. There also exists residual current after the 
pulse Is removed. In Fig. 4, an example of such 
'unstable' switching is shown. The photograph was 
taken by multiple exposures at various pulse voltages. 



Fig. 4. Scope trace of ur.stable switching pulse 
'-lultlple exposure). Cd-Br boracite sandwich elec- 
trode sample with electrode spacing 0.38aa; voltage 
(upper trace) of 2V/div; cur'enc (lower trace) of 
40uA/div; tine of 2 tisec/div; single sweep trace; 
and temp of 340* + 2*C. 


As can be seen, the delay time shortens as the voltage 
Increases. After Che removal o( the pulse, the current 
disappears with a decay ciae of IS v 20 usuc. An 
example of such a decaying current is shown In Fig. S. 
When Che applied voltage becomes much larger than the 
threshold voltage for unstable switching, the switching 
begins to take place with almost no delay. The current 
is stable and disappears instantaneously after the 
removal of voltage (Fig. 6). Typical threshold voltage 

values for unstable switching V (USSV) and threshold 

cn 

voltage values for stable switching V (SSU) for varl- 

th 


ous pulse lengths are shown In Table I. These voltage 
data were taken under constant duty operation, l.e., 
pulse length (sec) X pulse repetition (sec~^) ■ 0.1. 

As can be seen, both V^^^'s increase as the pulse length 


decreases. V (SSU) is at least 3 4 tls 

Ch 


:s V . (USSW). 
Ch 


When Che applied voltage Is kept constant, there exists 
a critical pulse repetition rate at which unstable 
rwltchlng takes place. The critical pulse repetition 
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race increases with decreasing pulse length as expec- 
ted. In all cases, little or no stabilization effect 
was observed after repeated applications of voltage 
pulses. 



Fig. S. Scope trace of unstable switching pulses. 
Cd-Cl boraclte sandwich electrode saaple with elec- 
trode spacing of Q.iSami voltage (upper trace) of 
5V/dlv; current (lower trace) of 40 uA/dlv; tlae of 
5 usec/dtv; pulse repetition rate of 2 KPPS; and 
temp of 145* + 2*C. 



Fig. 6. Scope trace of stable switching pulses. The 
saaple Is the same as in Fig. 5 with voltage (upper 
trace) of 2V/dlv; current (lower trace) of 40liA/dlv; 
time of 5 usec/dlv; pulse repetition rate of 10 KPPS; 
and tejip of J45' + 2'C. 


Table I 

V^l^'s for Constant Duty Operation 


Pulse Width 
(seel 

Pulse 

Repetition 

(Pulses/sec) 

V ^(USSW) 
th 

(V) 

Vth(SSW) 

(V) 

lO'*' 

10^ 

2 

7 a. 8 

lo"'' 

10^ 

1.2 

3 

10-‘ 

10^ 

0.2 n, 0.4 

4 

lO"' 

10^ 

0.2 n. 0.3 

4 

lo"^ 

10 

0.2 n. 0.4 

3 


Sample: Cd-Cl boraclte (001) cut, 0.48 mm thick, 
T - 340 + 2"C. 


Throughout the present switching experiments, dc or 
pulse, the aforementioned switching characteristics 
changed little with crystallographic orientation of 
the sample. 

In the present experiment, Au lead wires were 
attached to the sample with Ag-conductlng paste. In 
this case, a Ag-boracite contact is presumably formed 


at high temperatures by the diffusion of Ag through 
the Aii/Cr film. It was found that the sample did not 
switch when a Au lead wire was thermally bonded onto 
the Au/Cr film. It seems that Ag Is Indispensable to 
form a good electric contact to a boraclte crystal. 
However, little is understood about the electrode 
effect as well as the switching phenomenon In general 
at present. Several mechanisms that had been proposed 
to account for the other switching phenomena have been 
discussed In connection with the switching In Cd- 
boracite crystals elsewhere.*^ 

Device Applications 

A number of functional devices can be fabricated by 
making use of the newly found threshold switching In 
Cd-boracite single crystals. Since the switching takes 
place only at high temperatures 300*0, such devices 
may be found to be useful In the fields where a high 
ambient temperature or a lack of workible heat sink 
prevents the use of ordinary solid state devices. Such 
devices Include: 

1. Current controlling devices having .lon-blocklng 
Ag electrodes for dc, dc pulse and ac circuits 
(s)-nsetr!c devices). 

2. Current controlling devices having one blocking 
and one non-blocking electrode (asymmetric devices). 
Such asymmetric electrode devices can be used In a 
logic circuit for dc and dc pulse voltages. 

3. Current rectifiers for low frequency ac. 

Since the operative principle of devices of first 

and Second categories arc obvious from the foregoing 
discussion, onlj the current rectifiers will be des- 
cribed In sume detail. Figures 7 and 8 show the 
circuits for half-wave and full-wave rectifiers, res- 
pectively. The half-wave rectifier of Fig. 7 consists 
of an ac source, a load resistance a blocking 

capacitance C , a boraclte crvstal element, and a dc 
o 



Fig. 7. Circuit of half-wave boraclte rectifier. 



Fig. 8. Circuit of full-wave boraclte rectifier. 
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control circuit. The boracite eleaent In this case 
can be either a synaetrlc or asymaetrlc device. The 
dc control circuit consists of a variable dc voltage 
source and a large protective i.!slstance to block 

ac current. When a snail ac voltage Is applied 
followed by a dc voltage, a regulated current begins 
to flow at a critical dr voltage. Figure 9 shows a 
scope trace of such a regulated current. Because of 



Fig. 9. Scope trace of ac half-wave rectified current. 
Cd-Br boracite sa.idwich electrode saaple with elec- 
trode spacing - 0.30nn, t ■ 100 Jl, R • lOOKSl, C • 

10 up. 8.0V, and tenp - 395* + P2*C. Ac recti- 

fied current (upper trace): O.OSV/dlv. Applied SOHz 
ac voltage (lower trace): O.SV/dlv. Time: 5msec/dlv. 

the threshold switching characteristics of boracite 
crystal, the current appears in the form of regularly 
repeated pulses. The direction of current is reversed 

when the polarity of dc voltage (V ) Is reversed. For 

dc 

stable operation of the half-wave rectifier, an upper 

Unit (naxlauji) exists for both and V . For V, , 

dc ac dc 

It is about ten tines the minimum voltage. The maxiimim 

of V is much smaller than that of V . . The bias dc 
ac dc 

voltage, both minimum and maximum, required for the 
rectifying effect to take place Increases with Inert. is- 
Ing current or power in the ac circuit. This observa- 
tion cannot be explained but It seeu that the response 
of the Cd boracite element Is different when ac and dc 
are applied simultaneously as compared to the case of 
dc or ac used alone. 

The full-wave rectifier of Fig. 8 consists of an ac 
source, a load resistance R^, two blocking capacitances 



Fig. 10. Scope trace of ac full-wave rectified current. 
Cd-Br boracite coplanar trielectrode sample with 
electrode spacing ” 0.20m; Rj^'lOOR, R •lOOKil; 


•lOUF; V^^«15V; and temp 


301* -r 2*C. 


* boracite clement, and a dc controlling 

circuit. Tlie boracite element In this rectifier has 
three electrodes. In Fig. 8, the twu .'Ide electrodes 
arc positively biased with respect to the middle one. 

The current through R^ will be 1^^ in the first half cycle 

of ac and I2 In the next half cycle so that the full- 

wave rectification will be completed. The direction 
>f current through R^^ leverses when the polarity of 

side and middle electrodes Is reversed. Figure 10 
sliows a scope trace of such a rectified :urrent 
obtained by the circuit of Fig. 8. As In the case of 
half-wave rectification, the minimum dc bias voltage 
Increased with Increasing sc voltage. 

The above examples are illustrative of potential 
usefulness. Other circuit applications of the Cd 
boracite switching devices seen possible. 
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WHATEVER HAPPENED TO SILICON CARBIDE 
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Sumary 

Silicon carbide has been used extensively as an 
abrasive, but only in the last twenty-five years has 
its potential a« ”■ semiconductor been exploited. The 
rationale for SiC semiconductor- devices is their high 
temperature performance. Rectifiers, field effect 
transistors, charged particle detectors, and other 
devices operate efficiently at temperatures about 
800“K. 

It is the purpose of this paper to examine the 
progress made in SIC devices in the 1955-1975 time 
frasie .and suggest reasons for the present lack of 
interest in his unique material. The data given in 
this paper has been abstracted from previously pub- 
lished work. 


Introduction 

In the last s-;ventv years, considerable use has 
been made of the abrasive characteristics of silicon 
carbide (hereafter SiC); however, only recently were 

(1-4) 

its potentialities as a semiconductor exploited. 

It is the purpose of this paper to discuss SIC devices 
in the 1955-1975 time frame. Since SiC device proper- 
ties are intimately ccnnected with its material proper 
ties, crystal growth and fabrication techniques will 
also be discussed. Finally, I will suggest reasons it 
is no longer considered a viable product for exploita- 
tion. 


The work discussed in this paper was performed at 
various industrial and college research laboratories. 
These programs arc no longer active, and there are no 
known plans or interest in t eir reactivation. 

Physical and Chemical Properties 

Silicon carbide exists in the hexagonal (a) and 
cubic (6) phases with the a phase occurring in a vari- 
ety of polytypes. The various forms of SiC have the 
largest energy gaps found in common semiconductor 
materials, ranging from 2.39 eV (cubic) to 3.33 eV (2H). 
The bonding of Si and C atoms is basically covalent 
with about 12Z ionic bonding. The structures are tem- 
perature stable below 1800<>C and thus form a family of 
semiconductors useful for high temperature electronic 
devices. Table 1 shows the lattice parameters and 
energy gap (0°K) for the coaanon polytypes. 


SiC is inert to nearly all laboratory reagents, 
and the usual techniques for chemical etchlr.j employ 
molten salt or salt mixtures (NaOH, Na^O, borax) at 

temperatures above 600°C. Electrolytic etchlrg, suita- 
ble for p-type material and etching with gaseous chlo- 
rine near 1000°C, may also be used. 

The physical u.'-dnest. and chemical inertness im- 
pose great restraints on device fabrication techniques. 
Although SiC technology has progressed along the same 
lines as that of silicon, many techniques had to be 
developed which were peculiar to SIC and which inevi- 
tably made the fabrication more difficult and expen- 
sive. 


Methods of Preparation 

The oldest and per naps the best known method of 
SiC crystal growth is the sublimation method. This 
technique uses the vaporization of a SiC charge at 
about 2500‘^C into a cooler cavity with subsequent con- 
densation. Initially the charge formed its own cavity, 
but more uniform crystals are grown when a thin graph- 
ite cylinder is used In the center of the charge. This 
thin cylinder also reduces the number of nucleations so 
that fewer but more perfect crystals are grown. The 
crystals are grown as thin hexagonal platelets, perpen- 
dicular to the growth cavity. Doped crystals, contain- 
ing p-n junctions, can be prepared by adding proper 
dopants to the ambient during grewth. The power recti- 
fiers, to be described later, were prepared by this 
method. 


Other methods of crystal growth are epitaxy, trav- 
eling solvent and solution growth. 


The hexagonal o phase is grown epitaxially from 
1725'^ to 1775°C with the cubic phase being grown from 
1660°C to 1700°C. In both cases, equal molar percent- 
ages of CCl^ and SiCl^ are used. Polished and etched 


Sic crystal - were generally used as substrates although 
Ryan and co-werkers at Ai- Force Cambridge Research 
Laboratory have investigated the growth of SiC onto 
carbon substrates using the hydrogen reduction of 
methyltrichlorosilane (CH^SiCl^) (called the vapor- 

liquid-solid growth). At 1500°C, a-SiC whiskers on the 
order of 5 ram long by 1 mm diameter were grown. These 
whiskers were of the relatively rate 2H polytype. 


Table 1. Lafctca Caaacaeta and taergy Cap of rnaiwi SIC Polptypaa 


Suuttut* 

Uttlct PuaMtari 

(ib 

laartp Cap (0*K) 

2B 

« - 1.09 , c • 5.046 

3.33 

tt 

• - 3.09 . c • 10.03 

3.26 

W 

a - 3.0S17, e • 13.1111 

3.02 

la 


1.01 

i» 

a - 1.079 . e • 17.70 

2.966 

2U 

a • 1.079 , a • 32.00 

2.00 

•m 


2.00 - 2.00 

oii»ic*3c 

a - 4.139 

2.19 


SiC crystals have been grown together, and p-n 
junctions formed by passing a heat zone through two SiC 
crystals separated by a solvent metal (traveling sol- 
vent). The temperature gradient across the thin sol- 
vent zone causes dissolution at both solvent-solid 
interfaces. However, the equilibrium solubility of SiC 
in the solvent is greater at the hotter interface, a 
concentration gradient is established. The solute, 
then, will diffuse across the liquid zone and precipi- 
tate onto the cooler crystal. In this way, two dissimi- 
lar conductivity type SIC crystals can be grown togeth- 
er. 

In the solution growth technique, a small amount 
of SIC is dissolved in molten Si (or in some cases Fe 
or Crl. As the melt is slowly cooled, the SiC becomes 
less soluble; and SiC crystals nucleate and grow in the 
crucible on prepared graphite substrates. The grown 
crystals are normally of the B-phase. Improvements in 
the ciucible geometry and cooling rates have led to 
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cubic crystals up to 4 nun actoss and 0.1 nm thick. 

With the use of pure starting materials and extensive 
degassing, quite pure crystals can be grovm; and 

2 

electron mobilities of 500 cm per volt-sec have been 
measured. 

Device Techniques 

The specific device techniques used will varv 
from device to device, and It is the purpose of this 
section to discuss fabrication methodr In a general 
manner. In later sections when Individual devices 
are described, any special techniques required will be 
discussed. 

The mechanical shaping of a hard crystal such as 
SIC Is generally accomplished by scribing and breaking, 
lapping and polishing, ultrasonic cutting and air 
abrasive cutting. Boron carbide and/or diamond are 
used for these purposes since they are the only mate- 
rials sufficiently hard. 

Scr.blng the crystal with a diamond point and 
breaking It along the scilbe line can also be used. 

As <rlll be discussed later, a number of field effect 
transistors were fabricated on a single crystal; and 
these transistors were separated by scribing. Obvi- 
ously this is best carried out on a scribing machine. 

All of these mechanical shaping operations inevi- 
tably leave surface and bulk damage In the crystal. 

Some studies have Indicated tnat the damage may propa- 
gate into the crystal by microcracks to a depth of tens 
of microns. For optimum device performance this dam- 
age must be removed, e.g., by chemical etching. 

The etching of SIC using molten salts has been 
described in detail by Faust in 1959. In his paper, 
Faust describes the side of the SIC crystal which 
etches In a rough "wormy" pattern using molten salt on 
the carbon side and the side where the etch is smooth 
as the silicon side. This data has also been con- 
firmed by Brack in 1965, using X-ray techniques. 

Chang and co-workers studied the diffusion of 
aluminum Into SIC from 1750°C to 2100°C, using both 
closed tube and open tube flowing gas techniques. 

Since the SIC crystals will decompose at these temper- 
atures, It was necessary to provide an equilibrium 
pressure of Si and C vapor species around the crystals 
during the diffusion process. Griffiths in 1965 and 
Vodakov et al In 1966 reported further experiments 
using similar techniques. The activation energy for 
the diffusion of aluminum into SIC found in these 
three studies agreed within 5% ('4.8 eV) , 

Further refinements In unpublished work by Canepa 
and koberts of the Westlnghouse R&D Center resulting In 
junction depletion widths up to 25 un were obtained 
-sing a combination of Infinite source and finite 
source diffusion techniques. 

Another technique Is to use gaseous etching, e.g., 
Cl^ at 950°C to 1050°C (Thlbault) or Cl^ + 0^ at 1000°C 

(Smith and Chang). 

Characteristics of SIC Devices 

Figure 1 shows the reverse characteristics of the 
IV properties of a SIC rectifier prepared by the grown 
Junction method, operating at one ampere and 30°C and 
500°C. The forward voltages of these devices, even at 
500°C, are always larger than 1 volt (half wave 
average). Thus far, rectifiers operating >>p to 10 A 
have been fabricated, and specially processed low 
current devices have exhibited reverse capability of 


600 PIV. The reverse characteristic of SIC rectifiers 
generally show c "soft" breakover, rather than the 
avalanche breakdown sometimes noted In silicon. This 
Is generally attributed to the carrier generation 
mecha* 'sm at tbe Junction and to local arefl": breaking 
down Hfferent voltages, so that the total effect Is 
one 01 gradually increasing reverse current. 



Figure 1. Representative properties of silicon carbide 
grown Junction rectifiers - reverse charac- 
teristics 


Although very limited life test data have been ob- 
tained for these grown Junction rectifiers, a few de- 
vices have been operated at several amperes for up to 
200 hours at 500 C in air, with no change in electrical 
characteristics. Devices operating at one ampere and 
using approximately the same encapsulation have been 
successfully life tested fur 1000 hours at 500°C. 

The operation of a p-n Junction nuclear particle 
or photon detector depends on the collection of elec- 
tron-hole pairs produced by the ionizing particle or 
photon as it passes through the detector. The elec- 
tron-hole pairs are separated in the Junction region, 
collected, and give rise to a charge or voltage pulse. 

Silicon photovoltaic diodes have been developed for 
the detection of infrared and visible radiation. These 
diodes exhibit a sbaro drop in response as the wave- 
length of the incident light approaches the ultraviolet 
region with most detectors showing negligible response 
o 

below 3000 A. This decreasing response Is due to the 
increase in the absorption coefficient with decreasing 
wavelength. A large absorption coefficient indicates 
nearly all the light will be absorbed at the surface of 
the device, and electron-hole pairs generated may be at 
a great distance from the p-n Junction. Thus, surface 
effects, such as carrier recombination, will decrease 
the response of the detector. 
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SIC, with a band gap near 3.0 eV, has an absorn- 
tlon coefficient several orders of magnitude less tnan 
o 

that of Si at 4000 A, and therefore surface effects 
would not be so important. Detectors have been pre- 
pared from SiC, and thsse devices were found to have 
a spectral response which were a maximum in the ultra- 
violet region and which could be shifted by varying 
the Junction depth. 

A simple theoretical model was originally derived 
by Chang and Campbell which quantitatively explained 
the dependence of the peak wavelength on the junction 
depth and the depletion width of the diode. Consid- 
ered in this mods! were the wavelength and temperature 
dependences of the absorption coefficient in SiC be- 
low the band edge. An approximation was made that at 
the peak response wavelenf i the total number of 
electron-hole pairs generated in the depletion layer 
is a maximum for a given intensity of transmitted 
radiation at the surfacr 

Figure 2 shows the variation of peak response 
wavelength calculated from this model. The curves are 
shown for values of the effeccive depletion width (w) 
from w = 1 micron to w = 10 microns. 



Peak Wavelength, A 

Figure 2. Peak spectral response of silicon carbide 
junction diode as a function of junction 
depth (after Campbell and Chang) 


In addition to these photon detectors, SIC diode 
structures, specially prepared with graded junctions, 
have heen used to detect alpua particles; and with the 
addition of a conversion layer, thermal neutrons have 
been counted. 

The fission products of U-235 Irradiated with 
thermal neutrons are not unique but have a distribu- 
tion with two peaks occurring in the fission product 
mass distribution curve. The total energy liberated 
is lb’’ MeV with peaks at 66 and 91 MeV. Figure 3 
shows a comparison of the alpha and fission product 
spectra for a SIC diode. Tlie fission products spectra 


are very close to those predicted from t*'e a-partlcle 
response taking into account the different distribution 
in the incident energy. The SIC diode, which had a 
peaked a-spectra, also shows a peak fission product 
spectra; in fact, the Llsslon spectra of the diode 
resolves the double peaks. 

or - Particle Mev 


0 0 .$ 1.0 1.5 



fission Mev 


Figure 3. Comparison of alpha particlr and fission 

fragment counting of silicon carbide junc- 
tion diode (after Canepa et al) 


Tunnel diodes in Pin can be made by forming a 
heavily doped alloyed junction in either n- or p-type 
degenerate SiC crystals, using a very fast alloying 
cycle similar in principle to that originally used to 
produce Ge tunnel diodes. Degenerate n-type SiC can 
be grown readily with heavy nitrogen doping. The 
p-type degtaeracy in SiC cannot be established until 
the uncompr nr Jted acceptor level approaches 10^0 - 
21 -3 

10 cm , which has not been achieved. 

An operable SiC tunnel diode was reported by Kuti 
in 1964. The junction was "ormed by alloying Si in a 
nitrogen-containing atmosphere to very heavily Al- 

20 20 

doped a-SlC crystals (4.5 x 10 - 9 x 10 uncompen- 

-3 

sated acceptors cm ) . The highest peak-to-valley 
current ratio achieved was 1.37 at room temperature, 
but negative resistance was observed at temperatures 
as high as 500°C. The peak voltage is unusually high, 
approximately 0.9V and 24°C. Figure 4 shows the IV 
characteristics of a SIC tunnel diode at several tem- 
peratures . 

The channel dimensions and other device dimensions 
in a SIC junction gate field effect transistors are 
quite small due to the low carrier lifetime and cor- 
respondingly short diffusion lengths. Thus, the fab- 
ricaclor. of these devices require photolithographic 
techniques. Using a self -masked diffusion process and 
gaseous etching (see Figure 5), Chang et al fabricated 
SxC FET's which exhibited current gain from room tem- 
perature to 500°C, 

A slllcou carbide thermistor was described by 
Campjell in 1973. This device takes advantage of the 
exponential decrease in resistance of a SIC junction 
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Figure 4. IV characteristics of silicon carbide tunnel 
diode froB -196°C to 400°C (after Rutz) 
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(a) Secflon view, oxide mask after photoresist etch 
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Ic) FoUowing second diffusion of p-i v •' mpurity 
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fdl "Self-mask" removed leaving finished structure 


with temperature. Since this resistance changes by an 
order of wagnitude for every 100<'C temperature change, 
change of a few tenths of a degree is easily de- 
tected. Prototype devices have been operated several 
thousand hours (with frequent cycling) without degrada- 
tion. 

Conclusions 

Tnus far I have given a brief outline of SiC 
semiconductor devices and methods for their fabrica- 
tion. The data given show Chat SiC devices are feasi- 
ble and have properties that should be of interest to 
several high technology fields. The question then 
arises: Why Is there so little interest in this matt • 

rial today, and why are thers no SiC devices current! 
in use? 

I believe there are three specific reasons for 
this. First, in the later 1960's there was a decline 
in corporate and Covernment R&D funding due to econom- 
ic conditions. At this time, SiC had not carved out 
its niche in the semiconductor device market and thus 
was a prime candidate for any cutback. A second, some- 
what related, cause was the disappearance of the small 
market where SiC devices did have a chance to make an 
impact. These were high technology areas such as near 
sun space missions, supersonic and nvpersonlc aircraft, 
etc. When these markets disappeared, much of the 
Interest in SiC also disappeared. .Finally, the fabri- 
cation techniques for SiC devices (including growrh 
methods) did not improve appreciably in the twenty 
years under question. This lack of progress may lave 
been due to misplaced emphasij in device programs, but 
the net result was that the fabrication techniques for 
SiC de”ices improved only slightly in this time span. 

Nov, where do we go from here? I see no viable 
market for SIC semiconductor devices in the near fu- 
ture. Improved Si devices, better insulation, improved 
circuit design all mitigate against any extensive use 
of SiC devices. This may be viewed as an unfortunate 
circumstance to many of us who were professionally and 
emotionally involved with this Interesting material 
for a number of years. 
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Figure 5. Self-masked diffusion technique 


74 





-55 TO 4-20(fc 12 BIT ANALOG-TO-DIGITAL CONVEKVQt 

L«%»ts R. Smith and tail R. Ftt»alc 
Burr- Brown RoMcveh Corporation 
Tucfon, Arizona 


The 12 bit sueeesslva oppioxiinatlon A/t) eonvortor offers 
modaratoly high spood prociston doto conversion at o reason- 
able level of cost and oomplextiy. The AOCIOHi extends 
this coptMllty over o temperature range of -55to+200°C. 
No mWng-code perfetmonce Is imdatolned over the entire 
temperature range. The converter Is completely selfecon- 
toliied with Internal cioclc and t- 10 volt reference* Rgwe I 
shows a block diagram of the AOC10HT. 


CONNECTION OuaRAM 

TO»tnc* 


S 0 HM.OUT 

•t»tocsu*n.v 

•n«ocsu«n> 
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Rgure I 

The InteriKil 12 bit C^A converter is o monolithic die- 
lectrically isolated chip, The s>jccesdve approximation 
register (SAR) is o commercially available CMOS chip. The 
clock and the compaotor were designed with o single IMI 19 
dual comporotor mode with convontionol junction isolated 
bipolar technology. The clock also contoins on MOS 
capacitor chip arxl o idchrome thin film renstor network chip. 
These five chips moke up the basic converter. The 
reference circuit consists of o dielectrically isolated op omp 
chip, zener diode and niehrome thin film resistor network.^ 
The ADCIOHT con be used with on e-I.rnal +I0V reference, 
if desi-ed. 

The SAR could hove been either bipolar TTL or CMOS 
since both technologies exhibit altered but useful charact- 
eristics ot temperatures well above 2009C. However, CMOS 
devices offer low power disdpotion, so that the internal 
temperature of the hybrid circuit does not rise os much train 
self-heating. Also, CMOS SAR's have better noise margins 
than TTL devices at high temperatures. 

A major problem at high temperature is that caused by 
pn junction leakage ci -rents. The largest of these currents 
is the epi to substrate current in ju,>etion isolated circuits 
due to the very large size of the isou-^on pn junction 
relative to the deWce juitetions. In CMOS circuits, these 
leokoges ore returned to the supplies, and therefore, do not 
degrade performance. Therefbra, the logic keeps working 
at temperatures up to 250^C. Above that temperature, a 
four layer latch meelxr.ism, inherent to junction isolated 
CMOS, limits the devices performance. 


Since the Interml 0/A conv er te r is dielectrically 
Isolated, there is t» epi to substrate leokrige eomportent. By 
eRmlrtotlng this error mechanism, the uwlirl temperature 
ronge of the device Is Irrcreo s ed. Dielectric tnloKon Is also 
used In the reference circuit operatiorwl omplifier for similar 
reasons. 

Although the duol c omporotor is junction Isolated, the 
epi to sub stra te leokrrge currersts ore second stage effects arx)^ 
furthermore, tetMl to cancel out. Arvsther potestiol difficulty 
in bipolar circuits is the poor performomre of ioteral pnp 
t r r m sist or s at high temperature. This pixticuiar comparator 
does not contain any lateral trartsistors. Instead, redslors are 
used for level shifKng purposes. 

The niehrome thin Rim renstor networks ore stabilized 
at over 500PC and, therefore, ore stable^ at temper o t u res 
well (dsove 20CPC, The current dennties hove been red u ced 
by o factor of three from those densities used in normol 
commercial practice to prevent electramigratton at 
high temperature.^ 


The absolute value of resistors in the converter is not 
critical, but resistor tracking with time and temperot u r e is 
very Important. For this reason, critieol resistors of 
different volues ore comprised of equal redstonce elements. 
Thus, even tho'igh the resistors may shift <kte to the extreme 
ambient coixiitions, the linearity, gain am) offset of the 
converter itself should remain stable 

The converter is packaged in a conventiotMi 28 pin dde- 
brozed ceramic package. Rgure 2 shows the placement of 
the various chips in this package. The eight chips ore 
eutecticolly attached to the substrate and ultrasonic wire- 
bonded to o double layer thick Rim substrate. The substrate 
is riien attached to the header using a high tonperoture gold 
tin preform. 


nniuii 
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Rgure 2 

A platinum/palladium doped thick Rim gold system Is 
used to minimize purple plague. Average wfrebottd pull 
strengths of three gram, after 1000 hours at 25CPC have been 
obtained. A 1000 hour test at 250PC exhibited only an 80% 
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tncTMM In bond rostsHncos. 


Q>nnocHon botwcon rt.s double layer aibtfrate and the 
eeremic stde-farazed package Is mode wlHi gold wire. The 
converter Is hetmeKe^ly sealed using a gold germanium pre- 
form to attach the eeremic cop. 

To ettsure the reliability of the converter, all ports are 
bumed-tn at 20CPC and all ports ore 100% scr e e n e d . Due 
to the limited life of the connectors, the t emp erat u re testing 
ortd bum-tn Rxtures use printed circuit boards that pass 
through the oven doors, thus allowing boevd cormection to be 
mode at room temperature. The test sockets themselves are 
zero insertion force types mode of Torlon with berryliium/ 
tdckel coitfocts. The boords an mode of No»ple>r c op pe r ctod 
poiyimide with nickel plating. A high-temperature solder 
with a JtXPC melting point Is used for the test boards. 

Table I shows the important electrical ^peciRcations 
for the ADCIOHT. Figure 3 sho s Rnervlty error vs. con- 
version speed and indicates that 12 bit occuracy con be 
atta i ne d at 2Sps. The clodc firec|uency can be adjusted ex- 
ternally. 

TABLE I 




! I 



Rgure 4 



oicc! Performance 


Resolution 


12 bits 


Accuracy at 2^C 

Gain error: SD.05% (adfustable to zero) 
Offrat error: 10.0S% (adfustable to zero) 
Linearity error: lO.OO^ 

Drift (-5Sl“C s T. s +200®C) 

Gain: it15 ppRi/*C 
ORfet (unipolar): *1 ppm/’C 
Linearity: iO.5 ppm/^ 


LINEARITY ERROfl VS CONVERSION SPEED 

p-p : pLr;i - i , i| _ .Ti + .i f 

~rt r-n 



smsans&iaii 


o 0 130 

w 

III 

# 0.125 


§ 0100 
ui 


6 Bit C^Mralion j j 

t -10 Bit Operation — — 
/ ^12mOplmtion 


Rgure 5 

are shown in Rgure 6. Differential noiillneority is deRned os 
the deviation from the ideal oiw LSB step size. Overall non- 
linearity is not shown but has similar shift vs. time c h oract e f- 



0 S 10tS 20 2S 30 35 40 45 50 

Converswn Time •(■sec • 

Rguro 3 

ShiR in bipolar offset and gain vs. time during oper- 
ation at 200°C ere shown for three devices in Rgures 4 and 
5. Both parameters can be odfusted to zero initially by the 
use of external trim resistors. Offset In the unipolar mode is 
much less then the bipolar shift shown In Rgure 4. Differ- 
ential nonlinearity shifts with time during operation c t 200^C 
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Rgure 6 



liKcs to riiot of diffwontiol nonltnoorlly. Rguro 7 rfiowt 
dtfferonHol nonlinearity vs. temperature. All ports ore 
tested Ibr no missing oe^ over tlie temperature range. 
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Figure 7 
Future Direction 

Although the present design was not lidended for use 
above 20Gf*C, It is believed that a successive opproximation 
onolog-lo-di^td con v er te r could be bidit for 30CPC 
operorion with 8 bit performance, lower power circuitry 
will reduce peak {unction tem p erature s . The present circuit 
dissipates most of its power in the digitol-to-analag converter 
chip and in the rafetence. Both circuits could be rederigned 
to operate ot lower supply voltage and hence lower power. 

Although the rener diode used in the reference exhibits 
0 nonlinear temperature coefRcient above -f-IZ^’C, accept- 
able petfbimance was obtained to +20GPC. At much higher 
temperatures, o nonlinera- zener te m p» s rot u re coefficient 
compensation method is likely to be required. 

Very careful attention must be paid to matching of the 
internal D to A converter's collector-base leeicoge currents 
if nonlinear transfer chorocterisHcs ore to be avoided at high 
tem p erature s . Although leakage currents con still cause gain 
end offitf errors, th>^ con be removed using digital tech- 
niques.' 

The CMOS high temperature latch condition con bo 
eliminated by using dielectric isolation. rL logic 
circuitry also has potential for use in the SAR. 

Rtmlly, a high temperature metal system such os ^ 

P(, T{ Au metallization reported on by Pe^ and Zierdt ” Is 
required If reasonable MTBF Is to be obtained at 300^C. 
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PROCESS CHARACTERISTICS AND DESIGN NETHODS 
FOR A 300* QUAD OP AMP 

By: J. 0. Beasoa 

R. B. Patterson, III 

Harris Seni conductor 
P. 0. Box 883. Melbourne, Florida 32901 


SUMMARY 


There is a growing need for electronics which 
o.ierate over the 125*C to 300®C teaperature range in 
such applications as well logging, jet engine control 
and industrial orocess control. This paper presents 
the results o- an IC process characterization, circuit 
design and re ^ability studies whose objective is the 
deveiopnent a quad op amp intended for use up to 
300“C to servj those requireaents. 

PROCESS CHARACTERIZATION 


A dielectrically isolated conpleaentary vertical 
bijolar process was chosen to fabricate the op aiq>. 

01 eliminates isolation leakage and the possibility of 
latch up, two of the major high teaperature sources of 
circuit failure which are present in junction isolated 
process's. The complementary vertical PNP offers 
superior AC and DC characteristics compared to a 
lateral PNP allowing simpler stabilization methods. 

Th<> junctions are relatively deep (> 3u) to minimize 
Sensitivity to interconnect pitting. Device cross 
sections are shown in Figure 1. 



Figure 1. Device Cross Sections 

Characterization of the NPN and PNP show them 
to be qi te suitable for use up to 300*C, however 
certain parameters change drastically over the 
temperature range and require special consideration 
in a high temperature design. Leakage currents in- 
crease to micro amps as shown in Figure 2. An 
important point illustrated 'n tie figure is the fact 
that Ices is several Limes la. ger than ICBO- 
Significant, but not shown on the figure, is the fact 
that the leakage currents for matched devices on the 
same chip typically match to lOS. These character- 
istics are exploited in the circuit design. 

The effect of leakage current on NPN common 
emitter characteristics can be seen in the 300*C 
photc of Figure 3. The base current has been offset 
by 4.5 ua to compensate for IcbO bringing the first 
trace to the origin. This illustrates the base 
current reversal which occurs before 300'C. One can 
also observe the monotonic increase in hfe with 
temperature in the photos. 

V{5E decreases with the well known -2mV/*C slope 
to about lOOmv as shown in Figure 4. 


*Work sponsored by Sandia Laboratories, 
Albuquerque, New Mexico 



Figure 2. Leakage Current vs. Tenqierature 
RELIABILITY 


Reliability is a particularly important con- 
sideration in high temperature circuit design because 
most failure mechanisms have exponential temperature 
uependence. Perhaps the greatest concern is that of 
interconnect reliability. Calculations using Black's 
expression! for electromigration in A1 interconnect 
predict NTF of greater than 4 years for the maximum 
current density to be used in the op amp. This far 
exceeds the goal of 100 hours operating life. 325°C 
life tests have been conducted on A1 interconnect test 
structures at J ° 3.3 x 104 A/cm2, on small geometry 
transistors at 1 ma and VC? = 30V and on minimum area 
contacts to P+ and N+ silicon at 4 ma ,.11 fabricated 
with the proposed process for more than 500 hours each. 
No failures have been observed. 

Another potential source of failure, parasitic 
MOS formation, is eliminated by isolation of each 
device in its own dielectrically isolated island. 

This eliminates the isolation diffusion which can act 
as drain for a parasitic PMOS in Jl circuits. 
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Figure 3. NPN Common Emitter 
Characteristics at 
Three Temperatures 


Figure 4. Temperature Sc»“ndence of V. 


SPECIFICATIONS 

An initial set of target specifications was 
arrived at. They were based on preliminary high 
temperature device measurements and extrapolations 
from available data. The target specifications are 
given in Table 1. 

CIRCUIT DESIGN 

Conceptually, certain things had to be done 
differently from a similar design for the connercial 
or military temperature ranges. Leakage currents put 
practical limitations on minimum operating bias current 
levels. Diode connected transistors are unworkable 
because of low fo-^^rd biased junction voltages. Base 
current reverses because of increasing collector to 
base leakages and increasing beta. This last con- 
sidei '.tion means that the ba*'' voltage node for strings 
of current sources must have current sinking as well as 
sourcing capability at high temperatures. Diffused 
resistors are almost twice their room temperature 
values at 300°C. While this must be borne in mind, 
this high positive temperature coefficient can be used 
to offset changes in the forward biased junction 
voltages. 

The primary bias circuitconsists of a buried zener, 
I?, in Figure 5, biased by a pair of 12lcyU resistors, 
Rl, and R16, going to the positive and negative power 
supplies, which develops a current through the 9K./V 
resistor, Rll, and diodes, D5 and D6, through the four 
Qll's and the four Q20's (whose bases and emitters are 
parallel but whose collectors go to separate 
amplifiers). A buried zener was chosen because it is 
quieter than a surface zener. The temperature co- 
efficients of the zener, the transistor base-emitters. 






and the diodes approximately cancel the temperature 
coefficient cf the resistor, Rll, keeping the current 
delivered to the positive and negative current source 
base nodes approximately constant over the temperature 
range. 

The input stage of the amplifier consists of the 
differential PNP pair, Q21 and Q22, along with Q16, Q17 
and R13 (which make up a leakage current compensation 
network) and the current source consisting of Q5 and 
R4. rNP devices were chosen for the input pair because 
their collector to base leakage is significantly lower 
than that of the NPN devices. R13 provides most of the 
collector base voltage for Q16 and Q17 whose ICBO's 
cancel those of Q21 and Q22 to within the limits of 
their match. The collectors of Q21 and Q22 go to the 
following stage which consists of Q26 and Q27. 

NPN transistors Q26 and Q27 along with R18 and R19 
constitute grounded base stages. They translate the 
signal toward the positive side of the circuit. The 
stage consisting of Q27 and R19 shields the input 
device, Q22, from the large voltage excursions of the 
high impedance node to which its collector is common. 
The collector of Q26 drives the current mis r.ir stage. 

The current mirror consists of Q2, Q3, 07 , Q8, 

Q12, Q13, Dl, 32, 03, 04, Z1 and R3. The primary part 
of the mirror consists of Q7, Q8 and Q13. Q12 is added 
to make the collector to base voltage of Q7 equal to 
that of Q8. This '■emoves a small offset problem due to 
f>rb effects but (more importantly in this case) 

TABLE 1 


TARGET SPECIFICATIONS ANO BREACBOARO RESULTS 


Parameter 

Temperature 

Limit 

66 

Units 

Offset Voltage 

25°C 

3.0 < 

0.2 

mV 


300°C 

6.0< 

-5.3 

mV 

Avg. Offset 
Voltage Drift 

25“C to 300°C 

10 < 

20 

uV/°C 

Input Bias 
Current 

300°C 

5 < 

2.1 

uA 

Injut Offset 
Curront 

300°C 

1.3< 

3.4 

uA 

Cuiii.nn Mode 
Input Range 

25“C to 300'’C 

■>±10 

±13.9 

V 

Different id 
Input Signal 

25°C to 300'C 

7< 


V 

Cotit'ion Mode 
Rejection Ratio 

300°C 

> 60 

71.7 

dB 

V-ltage Gain 

300°C 

>70 

71.9 

dB 

Channel 

Separation 

300‘’C 

>80 


dB 

Gain '.anuwidth 

SOO^C 

>3 


MHz 

Out.iut Voltage 
Sw'gg 

25°C to SOO’C 

>±10 

13.7 

V 

Slew Ra •’ 

SOO'C 

>±2 


V/usec 

Output Current 

300°C 

5 < 


mA 

Power Supply 
Rejection Ratio 

SOCC 

>60 

71.7 

dB 

Noise 

25”C 

8 < 


nv//Hz 


equalizes the collector base leakages of Q7 and Q8. 
Ordinarily, Q8 and Q12 would be connected as trans- 
diodes but, because the forward biased junction 
voltages are so low at high temperatures, 02 and 03 are 
used to tie the base to the collector of Q8 and Z1 is 
used to tie the base to the collector of Q12. At low 
temperatures 02 and 03 are forward biased by the base 
drive requirements of Q7 and QS as Z1 is reverse biased 
by the base drive requirements of Q12 and Q13. At high 
temperatures Q2 and Q3 supply ICES to forward bias 02 
and 03 and reverse bias Z1 as well as supply the re- 
versed base current of Q7 and Q8 and of Q12 and Q13. 

01 and 04 provide voltage drop equal to 02 and 03 to 
make the voltage across Q2 iwre nearly the same as that 
across Q3. R3 provides most of the voltage for Q3 
(and, therefore, Q2). The collector of Q13 is common 
with the high impedance node. 

The next stage consists of a complementary pair of 
emitter followers, Q15 and Q18, biased by current 
sources consisting of Q6 and R5 and of Q28 and R20 
respectively. There is also a leakage current com- 
pensation network associated with each follower con- 
sisting of Q9 and R7 for Q15 and Q24 and R14 for Q18. 
The bases of Q15 and Q18 are connon to the high 
impedance node. Difference in ICBO between Q15 and Q18 
at high temperature would be reflected to the amplifier 
input as an offset. 

No special design considerations because of high 
temperature were necessary in the output stage design 
which consists of Q14 and Q19 driven by Q15 and Q18 
respectively. 

The positive and negative current source base 
nodes remain to be discussed. The positive node is set 
up by Q4 and R2. Emitter follower QIO supplies the 
base drive requirements of Q4, Q5 and Q6 until the 
base currents reverse at high temperature. Then they 
are supplied by Ql's ICES whose excess is then supplied 
by the emitter follower. This excess flowing through 
R6 and QIO provides some collector to base voltage for 
Q4. ICES seems to be a minimum of three times ICBO at 
300°C so Q1 is made a double sized device because three 
sources of ICBO ^cne of them, Q5, is double sized) have 
to be supplied by it along with excess for the emitter 
follower. The same considerations apply to the 
negative node which is set up by Q25 and R17. Q23 

serves as the emitter follower, Q29 the source of ICES 
and Q25, Q26, Q27 and Q28 receive their base dnve from 
the node. 

BREADBOARD 

In order to test the validity of the design it was 
breadboarded using four subcircuit chips made from an 
existing circuit by custom interconnect patterns. A 
schematic of the breadboard is shown in Figure 6. The 
package pins are designated as follows. The first 
number designates the type of package then there is a 
dash and the second number designates the pin on that 
package type. Package type 1 contained the primary 
bias circuitry. Package type 2 contained the negative 
bias circuitry. Package type 3 contained the input 
stage and positive bias circuitry. Package type 4 
contained the curr "t mirror and output, circuitry. 

Several breadboards made up of packaged sub- 
circuits were socket mounted inside an oven door, 
externally connected as in Figure 6 and tested over 
temperature. Results are shown in Table 1. 
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predict 3.5 Miz jain bandwidth, 2.6V/us slew rate at 
300‘’C. Simulated noise at 25°C is 8.7 nv/>ffiz. 

CONCLUSION 

A dielectrically tsolated complementary vertical 
bipolar process has been characterized for use at 300®C 
and been shown to be useful and reliable for linear 
design at that temperature. Circuit design methods for 
a 300°C op amp have been developed and demonstrated on 
IC test chips and an entire op amp design has been 
proposed. 
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Figure 5. Circuit Schematic 



Fiqure 6. Breadboard Schematic 
COMPUTER SIMULATIONS 


The computer simulations were done using a Harris 
version of SPICE called SLICE. Problems arose with 
the models at 300°C. 

Saturation current for the reverse biased diode 
is modeled as having a linear voltage dependence 
matching the true value at Vp = 0 to solve an under- 
flow problem in the computer. At 300°C Is is so high 
that this approximation has the effect of placing a 
shunt resistor of less than lOK-^ across each reverse 
biased junction. The problem was circumvented by 
•'.ing a smaller vilue for saturation current which 
results in the model giving higher VgE than true value 
but otherwise accurately representing the devi'"e. 

Leakage current was modeled by placing a current source 
shunted by a resis'.or (i.c simulate voltage dependence) 
across each reverse biased junction. 

The simulations were used to set the values for 
the compensation networks Cl - R8 and C2 - R9. They 

84 






HYBRID A/D CONVERTER FOR 200°C OPERATION 

Hark R. Sul I Ivan 
Jeffrey B.Toth 
Micro Networks Company 
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ABSTRACT 

This paper describes the design and developmeiit of a high performance hybrid 12 bit analog to digital converter, 
which will operate reliably at 200°C. A product of this type was found to be necessary in areas such as 
geothermal probing, oil-well logging, jet engine and nuclear reactor monitoring, and other applications where 
the environments may reach temperatures of up to 200°C. This product repre'_nts an advancement in electronics 
as it proved the operation of integrated circuits at high temperature, as well as providing information about 
both the electrical and mechanical reliability of hybrid circuits at 200°C. Because the circuit design of the 
A/D converter involved both digital and linear circuitry, this produced an opportunity to evaluate the 
performance of both technologies at 200°C. Initial mechanical failure modes led to researching more reliable 
methods of wire bonding and die attachment. The result of this work was a 12 bit A/C converter which will 
operate at 200°C with .03^ linearity, II accuracy, 350 uSec conversion time, and only A55mW power consumption. 
This product also necessitated the development of a unique three metal system in which aluminum wire bonding is 
done utilizing aluminum bonding pads, gold wire bonding to all gold areas, and employment of j nickel interface 


between gold and aluminum connections. This sytem total 
bonding interface which can lead to bond failure. 

INTRODUCTION 

Recently the electronics industry has been made aware 
of the need foi electronic components and systems which 
will operate at temperatures as high as 200°C. These 
applications include geothermal probing, oil well 
logging. Jet engine and nuclear reactor monitoring and 
other hostile environments where the temperature may 
reach 200°C or higher. In some of these applications, 
as in oil well logging and geothermal probing, it is 
necessary to transmit data through long lengths of 
cable which run from deep into the earth to the sur- 
face.* These applications are where a high tempera- 
ture A to 0 converter becomes highly desirable. Trans- 
mitting low level analog data over a long distance 
such as this ><ould be very difficult without intro- 
ducing significant extraneous errors. Through the 
use of an A to D converter it becomes possible to take 
outputs from strain gauges and thermocouples, convert 
them to "ones" and "zeros" and then transmit this data 
digitally to the surface. 

ADVANTAGES OF HYBRIDS 

An A to D converter can be fabricated in many differ- 
ent forms such as a module, printed circuit board, or 
hybrid circuit. Hybrid reliability at I25°C has been 
proven to be excellent through many thousands of hours 
of qualification tests. This reputation makes hybrid 
technology a wise choice for 200°C operation. A 
hybrid circuit can contain several different I.C.s in 
one small package, which is advantageous in applica- 
tions where space is limited. 

A TO D CIRCUIT DESIGN 

An A to D converter proved to be a challenging 
product to design and evaluate at 200^C due to the 
fact that little information concerning the different 
types of components and their properties at high 
temperature was available. Passive components, such 
as resistors and capacitors and active components 
including transistors and integrated circuits required 
extensive analysis and evaluation. The final A/D 
design employs both linear and digital circuitry. 

In the design of the MN5700, reliability was consid- 
ered of prime importance. Two factors that s.gnifi- 
cantly effect the reliability of any circuit are 
power and level of complexity. Research in high 


eliminates the formation of intermetal I ics at the 


temperature electronics has shown that the rate of 
aging, those factors that produce changes in para- 
meter of key components, will approximately double 
with each I0°C temperature rise.^ 

For a hybrid circuit the substrate temperature will 
increase as the power consumption increases. As a 
design goal the typic.4l substrate to ambient temper- 
ature rise was not to exceed I0°C. The 32 pin double 
PIP Package, selected primarily for its form factor, 
has a typical substrate to ambient rise of 27°C/Uatt.^ 
Thus to keep this rise under I0°C, the typiial 
power consumption was limited to 311 milliwatts. To 
reduce the complexity, as few I.C.s were used as 
poss ibie. 

There are several different approaches to A to D 
conversion which are currently used. The MN5/00 uses 
the successive approximation method. This allows a 
converter to be made using few components and has 
good characteristics in speed, resolution, and 
accuracy. A successive approx'mat ion A to D converter 
consists of four sections, D tj A converter, reference, 
comparator, and successive approx Imat ion register 
( SAR) . See Figure I . Each of these sections will 
be discussed showing the design considerations for 
200°C operation. 

D to A Converte r 

The D to A section of the MN5700 utilizes a voltage 
switching R-2R ladder network. The switch is CMOS 
and connects each leg of the ladder either to ground 
or a reference voltage. See Figure ^ A CMOS switch 
was chosen because of its low power consumption .snd 
evaluations showed it to be reliable at 200°C. 

Referenc e 

The reference circuit shown in Figure_3^ consists of 
a temperature compensated zener diode and a die'ec- 
trically isolated op-amp. The zener was found to be 
accurate to about 10ppm/°C from 25°C to I25^C. From 
125°C to 200°C the temperature coeffic’jnt increased 
to 40ppm/°C. Figure_k_ shows a grenh of zener 
voltage vs. temperature. 
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A/D Block Diagram 



FIG'JRE 1 


I 

Change 



Figure 4 


D/A CONVERTER 



Zener 
Vo I tage 


V- Reference Circuit 



Research and evaluation showed that a dielectrically 
isolated op-amp was the best choice for 200°C opera- 
tion. Host silicon bipolar I.C.s use junction 
isolation between transistors. These types of 
circuits show transistor interaction at ZOO^C.^ I.C.s 
which are manufactured using dielectric isolation have 
the active areas separated by an insulating layer of 
material. This reduces transistor interat.tion and 
also reduces leakage current to the substrate under 
high temperature conditions.** 


The change in the reference voltage at 200°C was 
found to be typically .21. The circuit was evaluated 
to see why the change in reference voltage was less 
than the change in zener voltage. Evaluation showed 
that the offset of the op-amp had its largest change 
between ISC^’C and 200°C, as shown in Figure 5 This 
change was in the opposite direction to the drift of 
the zener, and therefore the accuracy of the reference 
became the difference of the two. 


Offset 

Change 

(mV) 



The central component c the D to A circuit is a 
resistor network. The network used is a thin film chip 
using nickel-chromium resistors deposited on silicon. 
The change in resistance over temperature will deter 
mine the accuracy and linearity of the device. An 
absolute change in resistanc.: results in an accuracy 
change and a change in resistor ratios will result in 
a linearity change. The graph in Figure 6 shows 
typical changes in resistance from 25°C to 200°C. 

Figure 7 ’’hows changes in resistor ratios. In order 
to meet design requirements of tl/2 LSB to the 10 bit 
level, the resistor ratios must track to better than 
1.05* from 25°C to 200°C. 


The thin film resistor chip also has the advantage of 
being actively laser trimmed. This results In an A to 
D which will meet all specifications without any exter- 






nal ad.iu’itments . Any external components added 
would be another source of error when raised to 200°C. 




Comparator 

In most hybrid A to D converters, the comparator it a 
single I.C. chip. These are usually bipolar devices. 
Tests done on most available bipolar I.C.s indicated 
they were not the most reliable choice for 200°C 
operation. This is due to the problems of junction 
isolation previously stated. Because of his, a 
comparator was designed using a dielectrii,jl ly isolated 
op amp and discrete transistors which operated re- 
liably at 200°C. 


then put on a 2C0*^C burn-in with frequent monitoring to 
observe changes or shifts that occured. After approx- 
imately 25 hours, large shifts were seen in linearity 
and accuracy. The cause of a shift such as this indi- 
cated a charge in resistors or a change in the output 
resistance of the switches. The parts were burned- in 
longer and catastrophic failures were seen. Visual 
inspection showed that gold ball bonds were lifting 
off of the aluminum pads on the I.C. chips. 

BONDING FAILURES 


The bonding failures which occured at the aluminum/ 
gold interface arose from the formation of an inter- 
metailic compound at th.it point. As the time at high 
temperature increases, these compounds do not exhibit 
sufficient mechanical strength to insure bond integrity. 
As a result, t*>e bonds have a tendency to break and 
cause an open circuit. 

C£VE10PMENT OF METAU2ATI0N SYSTEM 

It was concluded that the most reliable hybrid could 
be fabricated if all wire bonding was done To similar 
metels. This was a problem because available I.C. 
chips use aluminum bo.nding pads, while the substrate, 
resistor chips, and posts have gold bonding areas. 

To accommodate this bonding scheme, a substrate was 
needed with both gold and aluminum bonding areas. 

Three Hetal-Hetal ization Process 

In order to construct the type of substrate described, 
it was necessary to use three metals - gold, aluminum, 
and rickel. The gold is used for conductor runs and 
bonding areas, and the aluminum is used only for bond- 
ing areas, at the I.C. chips. The aluminum bonding 
pads sit on top of gold pads, but have a layer of 
nickel in between the gold and aluminum layers to act 
as a diffusion barrier, which eliminates the formation 
of inter.netal I ic compounds. 

figure 8 depicts the major process steps. Startingwith 
a wholly metallized AI 2 Oj ceramic plate (Fig. 8a) a 
gold conductor pattern is defined using standard photo 
lithographic and etching techniques (Fig. 8b). Next 
a nickel layer and an aluminum layer are vacuum depos- 
ited (Fig. 8c). Finally, the aluminum pads are formed 
by selective removal of unwanted film (Fig. 8d) . 

° 

e— 25.i|KA Ai. 

~ - -1- 7 cn A NiCr 

< — Alj Oj 

Substrate 


Successive Approximation Register 

The SAR used in this design is a CMOS I.C. This was 
chosen because of the good characteristics of CMOS at 
high temperatures and the low power consumption. CMOS 
I.C.s have been constructed which were functional at 
300®C for over 1000 hours.® While leakage current on 
CMOS devices operating at 200®C may be large when 
compared to +25®C operation, their vol tf -e thresholds 
do not change appreciably. Thus devices operated from 
low impedance sources work very reliably at 200°C. 

ELECTRICAL TEST RESULTS 






The first prototype units were evaluated for confor- 
mance to the 200®C specifica'.ions. Test results show- 
ed that these performed as expected. These units were 
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The process st.os, thicknesses, and niatei iai selection 
have been chcsen on the basis nf compatibility with 
present fabrication techniques, as wo i i as performance 
cri teria. 

Au/Ni/AI Substrate Evaluation 

for evaiuation purposes, a substrate was made which 
had a pattern allowing gold and alur.iinum wire bonding 
to be done between pins of a hybrid package. Connec- 
tions were made which corisisted of 26 bonds (13 wires) 
between pins of the package. The bonds tonsisted of 
aluminum wire on gold pad.-, aluminum wire on aluminum 
pads, gold wire on aluminum pads, and gold wire on 
gold pads. The aluminum pads were deposited on gold 
using a nickel barrier as described in the previous 
section. The resistance was measured between the pins 
of the package at various intervals of 200°C bake. 

This measurement included the bond resistances along 
with the resistance through the aluminum/nickel/gold 
interface. Figure 9 shows a graph of change in 
resistance versus time at 200°C for the four different 
bond interfaces. it can be seen that the best 
results are obtained when bonding is done between 
s imi lar metai s . 



Time at 200°C (Hours) 


Fi gure 9 


Figure 10 snows a section of the substrate used in the 
MN5700. The shaded areas indicate aluminum pads 
which are properly located for aluminum wire bonding 
to the I . 1. . Chip. 

Other Failure Modes 

The next group of catastrophic failures were seen in the 
500-750 hour range. When these units were inspected, 
it was seen that some of the epoxy mounted chips had 
lifted off the substrate and caused some bonds to 
break. This was corrected by using - different type of 
epoxy with better high temperature characteristics. 
Evaluation of this epoxy after 1000 hours at 200°C 
showed littie or no degradation in its bonding and 
adhesive characteristics. 



Figure 10 


lUNCLUSIONS 

Tests have shown that units will operate reliably and 
remain within 200°C specifications in excess of 
500 hours. Beyond 500 hours, some units will exhibit 
a slow shift in linearity and accuracy. This appears 
to be caused by resistor aging and changes in the 
characteristics of the CMOS switches in the D/A section. 
Life tests have shown that most units remain within 
specification in excess of 1000 hours. Tests have 
also shown that mcst catastrophic failures and units 
with large shifts will show up in the first Zk hours 
of operation at 200°C. To help assuru reliability, all 
units are tested, burned-in for 2^1 hours at 200°C, and 
retested . 

All 200°C specifications are also guaranteed at -55°C. 
The MN5700 is available with high reliability screening 
according to MIL-STD-383 for Military/Aerospace 
Appi i cat ions . 
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Abstract 

An experimental wireless, in-vessel neutron moni- 
tor is being developed to measure the reactivity of an 
advanced breeder reactor as the core is loaded for the 
first time to preclude an accidental criticality inci- 
dent. The environment is liquid sodium at a tempera- 
ture of 't220“C, with negligible gamma or neutron 
radiation. With ultrasonic transmission of neutron 
data, no fundamental limitation has been observed after 
tests at 230°C for >2000 h. The neutron sensitivity 
was n,! count/s-nv, and “he potential data transmission 
rate was 'tlO'^ counts/s. 

I . Ii t roductior. 

An experimental In-vessel monitor was designed and 
fabricated and is being further developed to ultrascr. 
ically transmit reactivity data from advanced breeder 
reactors. Since such reactors have potentially high 
reactivity cores, their initial fuel-loading operation 
will require careful surveillance as the core is loaded 
to preclude an accidental criticality incident. 

An in-vessel neutron i >.ector is preferred to an 
ex-vessel detector because it is closer to the fuel 
elements and is not shielded by blanket assemblies. 
Thus, data from an in-vessel detector are received at a 
greater rate (up to 10^ counts/s for this model) and 
are more easily interpreted. Also, with an in-vessel 
detector, the neutron source required to make the sib- 
criticallty measurements can be reduced in size and 
possibly eliminated. 

A wireless, completely remote in-vessel detects 
can be located at any core position, giving riuch 
greater versatility to the measurements. In addition, 
the wireless detector does rot need expensive instru- 
ment thimbles and does not inhibit the motion of tuel 
handling equipment. 

The in-vcssel environment for this initial start- 
up monitor is liquid sodium at a temperature of about 
220°C. No existing neutron monitor has the wireles' 
capability and adequate sensitivity for this applica- 
tion. The experimental model described herein has been 
successfully tested at 230°C for >2000 h. 


II . Wireless Neutron Monitor Concept 

The current concept of the wirele.ss neutron moni- 
tor system is sh'-'m in Fig. 1. In the sodium-filled 
reactor vessel (.6m diam x 18 m high), “he neutron 
monitor is positioned in the reactor core region within 
a dummy fuel element. The ultrasonic transmitter is 
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Fig. 1. Concept of a v;i>-eless, initial core- 
loading neutron monitor for an advanced breeder reactor. 


mounted at the top end of the dummy element where it 
can transmit signals along an unobstructed path thru gh 
the sodiuTi to a re lv< r which is also immersed in the 
sodium. 


Ill . Instrumentation 

A diagram of the instrumentation .s shown in 
Fig. 2. A fission counter senses th<’ neutrons, and the 
resulting electrical pulses ere processed by a pulse 
amplifier end a bandpass filter with single-pole upper 
and lower cut-off frequencies (RC-CR fitter). Elec- 
tronic noise and alpha pile-up noise are rejected by a 
discriminator. The discriminator output pulses trigger 
a driver circuit which excites a 2 Mi.z ceramic crystal 
to creat'^ an ultrasonic bur-;t for each neutron pulse 
exceeding the discriminator threshold level. The 
ptimary electrical power, which will be de’'lvtd from a 
radloisot ■'pic t .ermoelectric generator, is .ransfot... 
by a do o_ converter to positive and negative 10 V 
levels to bias the fission counter and to drive the 
active circuitry. 

The total quiescent power of the instrumenf’t' 'n 
at a temperature of 230°C is 'vO.56 W with a dc-dc con- 
verter efficiency of . L . Tlie ultrasonli- dr'ver is 
expected to requ^ie '1 . W .'.t an output pulse rate of 
10^ counts/s. Tb" ; , i-.’ source requirement is 8.0 V 
at sil.o W. 


A. Fission Counter 

A commercial f ' .sion counter (Reuter-Stokes model 
RSN-lOA) with a 4-mm electrode spacing, iOOO-cm^ of 
sensitive area, and a 300°C maximum operating tempera- 
ture was selected for our u„e. These ■ '■tnres were 
required for our special application, a the availabil- 
ity of thr cou’'.ter eliminated a costly in-house fabri- 
cation p: gram. However, some special altt.rations* 
were needed to ensure adequate performance (voltage 
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saturation, collection time, and ratio of fission pulse 
amplitude to alpha pile-up) at a limited counter bias 
of 10 V. These alterations included an electrode coat- 
ing of higlily enriched ’^"L" (99.6%) and a gas-‘'illing 
of Ar-O.O'i COa at "tlO^ ?a of absolute pressure. 


3 . iXmplii ier-Filter-Oisc.-iainator (AFP) 

This module- processes signals from a fission 
counter with an electron collection time near 1.0 t*s. 
The input amplifier is vol .age sensitttc. To achieve 
input bias stability .at temperature, the input resistor 
is 20 !>.. maximum. Thi‘ -'sistor value, coupled with 
the 150 pK counter ca 'ce, determines the input 

integration time const nd a significant fraction 
of the input noise sf the pulse amplifier. 

Two other gain stages, each with a voltage gain of 
■>.16 per stage, produce output pulses in the range i>f 1- 
1-3 V amplitude. A bandwidth of 5 MHz per s.age is 
more than adequate Co ampli'^y the voltage pulse devel- 
oped at the input. 

Capacitive coupling between stages -liminaces dc 
instability problems. One coupling time- tonscant 
dete mines Che high-pass frequency of the filter; the 
low-pass response is controlled by integration in the 
output stage. 

A monoscable nuirivibrator-discriminator generates 
a logic pulse of 5.6 V ampiitu-le and 5 us width for 
each amplifier pulse that exceeds its threshold. 

Fxcept for two diodes ar 1 a 1-X£1, thln-film 
resistor chip in the discriminator, the entire circuit 
Is fabricated around four, dielecfically isolated, IC, 
differencial operational amplifiers, Harris tvpe 
HA2625. One of these amplifiers with appropriate 
positive feedback constitutes the monoscable mulcivi- 
bra Lor-d iscr imir.a cor cemb i na t ion . 


C. Ultrasonic Transmitter 

From an analysis of the system,^ a 2-MHz carri 'r 
f ?quency with pulsed modulation was judged to be most 
p..wer efficient for the ultrasonic, data transmission 
process. With an ass imption that the receiver band- 
width must be 200 kHz Co obtain the maximum da rate, 
•V240 uW/m- of ecelved signal power is required to 
yield a signal- tr - ■; power ratio of >100. This 

assumes an acou',t., '■.oise power density of -HO dB 
refer -need to 10' W/m^-Hz. To create a transmitted 
beam having a cylindrical wavefront with this intensity 
at ‘'A m, nearly 70 mW of pulse power is required to 
allow for losses in the transmitter drive circuit, the 
crystal transducer, and the liquid-sodium signal tr.ms- 
misslon path. 


The transducer will contain a PZT-5A ceramic 
crystal similar to that used by the Hanford Engineering 
Development Laboratory (HEOL)** in their under-sodium 
viewing systems. It is attached to Che transducer 
face-plate with cither a Pb-Sn-Ag solder alloy or a 
high temperature epoxy. Both have been successfully 
tested. 

The tr.iasducer is driven by two VMOS transistors 
in parallel, with Che power being obtained directly 
from the primary power source. A 2.5-uF Teflon capaci- 
tor is currently used as an energy storage element to 
reduce the ripple o" the primary power source. 

The crystal impedance Is integrated into a reso- 
nant tank in the drain circuits of the VNOS transistors. 
A step-up transformer wound on a high-temperature 
f at rite toroid reduces the amplitude of the voltage 
pulses on tha drain circuitry. 


D. DC-PC Coi. ,-erter 

The dc-dc converter^ is an astable multivibrator 
that drives an n-channei WOS switch (two in parallel) 
in a dual-coil switching regulator. A dielecfically 
isolated, IC, differential operational amplifier in 
-onjunction with a 6.9 V zener diode tan emitter-to- 
base junction of a Dionics DI342A dielectrically iso- 
lated transistor) senses the positive 10 V output 
variations and adjusts the off-tiue of the VMOS (on- 
time is fixed). Integi ition in the operational ampli- 
fier determines Che dominant pole of the f-jrward loop. 
The astable circuits comprise dual, dielectrically 
isolated, pnp and npn transistors, Intersil IT137 one 
IT 27, respectively. 

The coil is a higb-permvability , silicon-steel 
ceroid with a Curie temperature of 730”C and is wouni 
with 30 gauge. Teflon-insulated copper wire. Tlie 
switchinr. frequency is -1.60 kHz, and 10-uF electrolytic 
c.'ip.icitors reduce t' ripple to cceptab'e value 

for a total load o: i2.3 cA fo, n positive and 

negative 10 V output. 

The internal, drain-substrate, p-n junction diede 
of n-channel \M0S transistors are used .-.s rectifiers. 
At 230*C, the forward drop is 0.3 V, with a leakage 
current of <200 uA, and a reverse voltage of 60 V. 


E. I rimary Power Source 


Because of its ruggedness and proved performance 
in numerous space problems, a radioisotop’c generator 
is being considered for the primary power source. 
Plutonium as ^■’®Pi .203 is rli 'eat generator, and 
silicon-germanium forms th. cnermocouple junctions. 

The liquid sodium serves as the "cold leg" of Che 
generator system. For an electrical power output 
reqi'lreccnt of '<1.6 W, a heat source of '125 is 
oinsidered adequate. Contracts are being n'.pared for 
the procurement of this source. 


IV. Hybrid Thick-Film Circuits 
Fabrication Petal ’ s 


The AFD circuit and the dc-dc converter arc fabri- 
cated with thick-film technology on 51- by 51-inm (2- by 
2-ln.) and 32- hv 32-uni (1.25- by 1.25-in'.), 961 
alumina substrates, respectively. Figure*'. 3 and 4 are 
photographs of these two chick-film circuits. The .,FD 
circuit (Fig. 3) was operated at temperatures near 
230*C for nearly 2300 h. The laetallizatloii is gold 
(Du Pont 9910). The thick-film resistors are screened 
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Fig. 3. Photograph of thJ a^plif ier-f ilter- 
discriai'.iator hybrid thick-filn circuit (after 2800 h 
at •>.2J0*C). 



Fig. A. Photograph of Che dc-dc cunverter hybrid 
thick-fiiB circuit. 


froD the Du Pont 1600 birox series. All seaiconductor 
chips are attached with a silver-filled epoxy (Ablestik 
71-1) for electrical attachaent to the substrate or 
with an insulating epoxy (Ablesticii. 71-2) for isolacio-i. 
ElectrlCt.1 connections between chip and substrate Be''al- 
lI:aCions arc uad>' with 2^-..a-diaB cl.O oil) aluninuo 
-0. 5t nag-iesiua wire by ultrasonic bonding. All bond;; 
to the gold oetalliziaion are serlianlcaily reinforced 
with an epoxy, either . blest. k 71-1 or Foo-tek H-77. 
Ceracic covers and a protective seoiconductor coating 
(Dow-Coralng R6100) are both used to pro,.ect areas cf 
the circuit containing the active eleoents. 


The capacitors contained in these two circuits are 
■onulithlc, ceraolc capacitor chips with SO- to 100-V 
ratings. The bypass and decouoling capacitors were 
formed from a hlgh-dielectrlc-constant material (X7R), 
but filter and compensation capacitors were formed from 
a more stable, low-dielectric material (NPO) . A gold- 
germanium alloy solder (360*C mp) tras used to make 
electrical connections to the capacitor chips and to 
the external wires of the substrate using a reflow 
technique. Later, a parallel-gap welder was obtained 
to make the external connections with a 25- by SOO-um 
(0.001- by 0.020-in.) nickel ribbon. 


V. Description of the Experimental Monitor 

The experimental monitor is shown in Fig. 5. Its 
construction docs not represent the construction that 
would be used in the prototypical monitor. Instead, it 
was designed to facilitate data taking and to accommo- 
date modif ic.ations and improvements as they became 
apparent during the testing program. From left to 
right in the figure is the fission counter wrapped in 
an electrically insulating Teflon Jacket to protect the 
shell of th» counter, which is aaiatained at a negative 
10 V biasing potential, followed by the AFD module, the 
dc-dc converter, and the transformer for the ulti asonic 
transmitter. At the extreme right is an oil-filled 
test chamber with a transmitter and receiver crystal at 
opposite ends. The ent.re system is mounted on a high- 
temperature, printed circuit boerd (Du Pont Pyralin) 
with a small number of discrete resistors ^'xiddock) and 
ceramic capacitors (San Fernando Electric). The resis- 
tors, c.ipacitors, and the hybrid thick-f i Im modules 
were attached with 90' lead-10! tin solder. A test 
pulse, dc and pulse Bionltor points, oil drain and fill 
tubes, and thermocouples are all brought out of a 
flanged end of the assembly. The entire assembly, “cl.O 
a (AU in.) long, is Installed in a cylindrical enclo- 
sure. giving a pressure tight containment for an inert 
cover gas. 


VI . Test Results and Discussion 

The results of the temperature tests of the exper- 
imental monitor are suaoarized in Table 1. The per- 
formance of the solid-aluminum electrolytic capacitors 
was poor, a result not expected based or. previoc ■ work 
In high temperature electronics* and on preliminary 
tests. Preliminary tests were made in air up to 275*C 
for hundreds of h.iurs, showing only a slight degrada- 
tion of performance. The cause of the capacitor fail- 
ures fs believed to be outgassing from oil that leaxed 
out of the ultrasonic test c‘"ucber. The oil initially 
used in the tests possessed inade.,uat.> high-tcmperature 
properties. Also, the high porosity of the printed 
circuit board material orevented an adec ...e clean up 
of the test assembly. 

Two failures of aluminum wire bonds .at the gold 
metalliration of the dc-dc converter were the first 
experienced after nearly 300 successful bonds on other 
hybrid circuits. This failure rate Is not considered 
excessive at this i*"ie, and no changes in our bonding 
aedures are pi. aimed 

Integral bias response.' obtained for two measure- 
ments at '',23t!*C and covering a tlm' span of nearly 1600 
h show only slight differences. Projection of the 1.0 
count/s nuise curve threihold to the neutron curve 
shows an '',751 counting efficlincy for the monitor. 
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Fig. 5. Piiotogravh f the experimental vlreiess, initial core-loading neur -on monitor (externally powered). 


Table 1, usaarv of perforcw 4je of 
neutron r«or.itor components 


Ccaponent 

Hours at 2J0*C 

Performance 

Fission counter 

2400 

Hore chan 
adequate 

AFD module 

2800 

Adequate^* 

DC-DC converter 

334" 

Adequa te“ 

Ultrasonic 

transmitter 

2200 

More than , 
adequa tc“ 

Solid-aluminum 

electrolytics 

176" 

Not 

adequate*^ 

Printed circuit 
board, with dis- 
crete resistors 
and ceramic 
capacitors 

2800 

More than 
adequate 


“Some drif- in puloe gain (or amplitude .-f test 
signal) not Si.en in prior 2100-h tests at 250°C. 


‘^Maximum time to failure. 

"Failures caused by two faulty wire bonds at 
substrate metallization. 

“Does not include a gated oscillator. 

‘'Capacitor failure from o.itgassing effects. 

VII. Problem Area s 

The failure of the solid-aluminum electrolytics 
must be resolved. Although the prototypical neutron 
monitor will not contain an oil source, the apparent 
sensitivity of these capacitors to outgassing must be 
determined. 

Presently, we are working on a design for a 
gated, 2-MHz oscillator that will provide the input 
drive signal for the transmitter. Tests are still to 
be made on the cylindrical ultrasonic beam generator. 
The concept for this ultrasonic beam generator is shown 
in Fig. 6. 

VIII. Conclusions 

Temperatu' . '!sts on an experimental assembly of 
an initial-cor» ' .ading neutron monitor show no unre- 
soivable problems. Failure of solid-aluminum electro- 
lytics becarse of off-gassing indicates a need for a 
vapor-free environment for these devices. Bond failure 
on the dc-dc converter substantiates the need for 
pretesting of all hybrid thick-film modules. 



Fig. 6. Conceptual sketch of the cylindrical 
ultrasonic beam generator. 
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Abstract 


The nuclear and space industries require 
electronics with higher tolerance to radiation 
than that currently avr liable. The recently 
developed 300 °C electronics technology based 
on JFET thick film hybrids was tested up to 
10* rad gamma (Si) and 10** neutrons/cm^ . 
Circuits and individual components from this 
technology all survived this total dose 
although some devices required 1 hour of 
annealing at 200 or 300*C to regain function- 
ality. This technology used with real time 
annealing should function to levels greater 
than 10 rad gamma and 10** n/cm*. 

Introduction 


The need for high temperature electronics 
in many fields has be ;n amply defined in the 
past.* Recent events suggest an urgently 
needed technology extension: temperature and 

radiation hardened microelectronics. The 
salient applications are nuclear reactor 
instrumentation and space probes. In particu- 
lar, instrumentation within he containment 
structure of a nuclear power plant must be 
capable of withstanding a peak of 200*C and a 
total of 2 X 10* rad gamma dose during a 
40-year plant lifetime followed by a loss of 
coolant accident. Additional temperature 
and radiation resistance is needed for monitors 
placed within the reactor vessel over the 
lifetime of the power plant: 325 *C with 

5 X 10* rad gamma and 10**n/cm* near the vessel 
top and 350*C with 10** rad gamma and 10**n/cm* 
closer to the fuel assembly. Intense radia- 
tion belts near Jupiter and the Sun demand 
enhanced radiation tolerant electronics in 
certain extended space missions. Although 
critically dependent on orbit parameters, a 
dose of 10 ' rad over one year may be absorbed 
by a Jupiter satellite. Radiation levels 
elsewhere within the solar system and inter- 
stellar space are expected to be relatively 
low; however, the accumulated dose fer long 
missions can easily exceed existing electronic 
tolerances . 


Typical tolerances for present electronics 
are 2 x 10* rad gamma and 10**n/cm* for 
commercial hybrids and ICs, and 10* rad gamma 
and 10'*n/cm® for specially fabricated or 
selected rau hard devices (Harris, for 
example) . The numbers in Table I are somewhat 
arbitrary since different degrees of device 
par^uneter degradation are possible in 
different circuits. 


Host radiation tests on electronics to 
date have been motivated bj nuclear weapon 
applications. These tests therefore predomin- 
antly involve pulses of fast neutrons and X- 
rays, with a gamma dose that is only incidental 
to the neutron presence and usually less than 
10* rad. Therefore, tests involving large 


gamma dose alone have not been coiamon. Also 
because of the weapon orientation of most 
radiation-electronics tests, the interaction 
of operational temperature and sustained 
irradiation was >'ot investigated. The recent 
development of circuitry operational to 300* C 
opens the possibility of real time annealing 
at high radiation levels. 


Table I 



Gamma 
(rad Si) 

Neutrons 

(cm“*) 

Temp 

(®C) 

Consumer 

2x10* 

1C** 

85*C 

Military 

Hardest 

10* 

10*' 

125“C 

Thick Film/ 
JFET 

•10’ 

>10* * 

>300*C 


The components and hybrid circuits chosen 
for this initial investigation were from 
Sandia 's high temperature circuitrv develop- 
ment. There are tw basic ideas behind this 
choice: ’'irst, co maximize tbi rate of 

annealing the op-'~ational temperature must be 
as high as possible, and secondly, several 
main failure modes are initiated both by 
elevated temperature and radiation (ion mobil- 
ization, lattice and chemical reactions' . 

We will discuss both gamma and neutron 
tests. Each section will briefly describe the 
radiation facility and the effects on passive 
components, active components, and hybrid 
microcircuits . 


Gamma Tests 


Two facilities for gamma irradiation were 
used. Both used Cobalt 60 (1.17 and 1.33MeV 
photons) with dose rates of 1.7 and 4.3Mrad 
(Si) /hr. respectively. Both sources generated 
enough heat to raise the sample temperature 
by about 15*C. Interactions between gamma 
photons and a steel liner between the weaker 
source and the sample chamber created some 
Compton electrons which also had measurable 
effects on the devices. 

Passive 


Passive components were tested in the 
weaker source wich no biasing during irradia- 
tion. At 5 points during exposure, the samples 
were removed , tested , and re' ..rned for more 
radiation. The componencs were exposed for a 
total of 800 hours or 1.36 x 10* rad gamma 
(Si) . 
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Thick film resistors in the 500 and 900 
series of Cermalloy and axiax lead units from 
Caddock were found to change less than 0.1% 
during this exposure. This constancy was 
somewhat surprising due to positive drifts 
seen in earlier tests’ and attributed to 
Compton electron bombardment. 

The high temperature capacitors tested 
were: Philips solid aluminum electrolyte, 

K&O Mica, Erie red cap, and several thick 
film dielectrics (TFS 1005, BSL 4515, ESL 
4301, Cermalloy 905HT) . Most capacitor 
systems tested remained functional throughout 
the test (ESL excepted) but all showed some 
change in capacitance and degradation in 
dissipation factor and insulation resistance 
(Figures 1 and 2) . The best performers were 
the discrete mica and the 500 *C thick film 
formulation 9015HT. The ESL thick film 
dielectric systems that showed considerable 
change and instability due to exposu e were 
returned to near pretest parameters by a 1 
hour bake at 300 °C. Capacitance and dissipa- 
tion factor were measured at 0.12, 1, and 
lOKHz. Insulation resistance was measured at 
10 volts, with the reading being taken 15 
seconds after voltage application. 




-5 
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A 9015KT 
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fig 1. Capacitance Change with Ga.'era Dose 








1005 


^ 9015HT 


l»301 


5 R 10 

DOSE (10° rad) 


Fig c. IR change with Gamma Dose 
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Active 


To test the effects of gamma radiation on 
p-n junctions at various temperatures, 24 
diodes were exposed at a dose rate of 4.3Mrad/ 


hr. (Si) for 23 hours, yielding a total dose 
of 'v<l X 10* rad (Si) . The diodes were grouped 
into 3 modules, each containing 2 gallium 
phosphide, 2 gallium arsenide, 2 low minority 
carrier lifetime (gold doped) silicon, and 2 
high lifetime silicon diodes. The thick film 
hybrid modules were then heated to 50, 175, 
and 300 *C respectively. During most of the 
test one of each type of diode at each 
temperature was AC biased. Each diode was 
monitored periodically for reverse leakage 
current, forward resistance, reverse break- 
down voltage and sharpness of reverse 
breakdown . 

In general radiation effect's were minimal. 
Measured photocurrents were negligible 
(<16uA/cm^) for all device. AC biasing had 
no measurable effect on diode performance over 
the span of the test. Low lifetime diodes 
(GaAs, GaP, and gold doped Si) displayed 
little or no change in characteristics over 
the 23 hour test; ^owever, the high lifetime 
silicon diode reverse leakage current 
increased appreci._bly . This effect was, 
presumably, caused by degradation of minority 
carrier lifetime (increase in generation rate) 
due to lattice imperfections created by gamma/ 
silicon interactions. A control group of 
identical high lifetime silicon diodes aged 
for 24 hours at 300°C without radiation was 
found not to show this increase in leakage 
current, indicating that the effect was not 
caused by junction poisoning due to unwanted 
diffusion at elevated temperature.* 

In another experiment, several types of 
n-channel silicon JFETs (Motorola 2N4220 and 
2N4391 series) were exposed at room temper- 
ature to a gamma dose rate of 'vl .7Mrad/hr. 

(Si) up to 1.36 X 10* rad (Si) total dose. 

The transconductance and IdsS vs. accumulated 
dose for a typical transistor are plotted in 
Figure 3. Cutoff voltage, Vqs off» remained 
essentially constant for all transistors 
during the test, indicating that carrier 
removal effects were minimal. However, trans- 
conductance (and loss) decreased monotonically 
for all devices, an effect most likely due to 
a reduction of carrier mobility in the channel. 
Both gamma photons and Compton electrons could 
have created the lattice damage necessary for 
this phenomenon to occur. 


1 2 


- 1 


Oi 






PRE TEST 




POST ANNEAL— 
(S min «230C) 


2 4 3 8 X108 

TOTAL OOSE, raeffSi) 


2 | 

E 
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Figure 3. Motorola 2N4220A JFET 
Parameters vs. Total Dose 
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Because of the layout of the gamma test 
facility used in this JFET experiment, it was 
impossible to study the simultaneous effects 
of radiation and elevated temperature. 

Instead, the devices were snnealed for 5 
minutes at 200°C after a total dose of 
1.36 X 10* rad was reached. As Figure 3 
shows, 100% recovery was obtained with respect 
to gn and IdSS* This indicates that extremely 
high total doses (>10** rad) may be tolerated 
by JPETs if accompanied by moderate heating, 
as expected in a loss of coolant accident. 

It should be noted that devices held below 
30 “c for several weeks after irradiation 
showed no annealing. 

Hybrid 

Tests were also performed on a simple 
hybrid microcircuit containing 6 JFETs and 
3 thick film 500-series Cermalloy resistors. 
Circuit performance did not change throughout 
the test (1.36 x 10* rad total). The same 
technology used for this circuit is employed 
in the complete line of Sandia's geothermal 
high temperature instrumentation, including 
voltage regulators, V/F converters, pulse 
stretchers, and multiplexers.® 

neutrons 

The neutron tests have not been concluded 
as of this writing. A pulced reactor with a 
fast neutron product was used. The pulse is 
about 70usec long and exposes the samples to 
approximately 3 x 10‘*n/cm* during each pulse. 
This source also produces sample irradiation 
of 6 X 10"' rad gamma for each lO'^n/cm^. 

Passive 

Initial exposures of 7 x 10*'n/cm* were 
used in order to induce only a small change in 
passive component parameters. As in the case 
of gamma tests, the resistors remained stable. 
This is in agreement with previously reported 
investigations.® Although several capacitors 
showed slight changes in dissipation factor 
due to this neutron flux, they were all 
circuit functional. The extreme tolerance of 
these components suggested an ongoing test 
series which will reach 10**n/cm*. As with 
g 2 uiuna tests the source time and cost may 
eventually necessitate extrapolation to higher 
expo ures. 

Ac*- ive 

To study the effects of neutron irradia- 
tion and thermal annealing on diode reverse 
leakage current, severcl silicon diodes (all 
TRW SAlSli) were exposed to lO^'n/cm". The 
results of thermal annealing runs on one 
particular (but typical) diode are shown in 
Figure 4. Unfortunately, pre-irradiation 
data was not available for these early tests, 
but measurements made on a non-irradiated 
control group yielded 25®C leakage currents 
ranging from 5.5 to llnA at -10 volts, with 
most values in the 6 to 8nA ran^'e. As can be 
seen, recovery of the reverse characteristics 
is initially rapid but not complete. Similar 
effects were noted for JFETs. The higher 
temperatures within the reactor vessel (the 
only anticipated application where significant 
neutron fluences would be encountered) may 
improve annealing. 



Figure 4. Diode Neutron Irradiation/ 
Thermal Annealing Behavior 


An interesting and, as yet, unexplained 
phenomenon was discovered in another phase of 
this experiment. While attempting to anneal 
the neutron damage by injecting forward 
current across the p-n junction, it was found 
that short applications ('v>l minute or less) 
actually caused an increase in reverse leakage 
current. This increase c^ulu, in turn, be 
annealed by subsequent heat treatment. Non- 
irradiated parts did not exhibit this effect, 
and currents applied for much longer times 
initiated thermal annealing. While the exact 
mechanism behind this behavior is not certain, 
it IS thought that charge trapping in gamma 
induced states in the pasrivation layer near 
the edge of the junction may play an important 
role. (As mentioned previously, the neutron 
facility also has a significant gamma output.) 
If this is the case, a similar effect should 
be .-.''♦•ed or. gasnma irradiated devices. This 
experiment is still in the planning stage. 

Neutron effects on JFETs used extensively 
in Sandia's high temperature circuits 
(Motorola 2N4220 and 2N4391 series) were 
examined in another set of experiments in 
which the devices were irradiated to a level 
of 'v-7 y 10**n/cm*. As can be seen in Table II 
drastic changes occurred in transistor 
characteristics. In most cases the magnitude 
of VQs,pff increased markedly (average ''<8%) , 
indicating carrier removal effects were 
occur ing. Transconductance and Iqss decreased 
by more than an order of magnitude. Partial 
annealing was obtained after 1.5 minutes at 
200*C, with only slightly greater anneal.ing 
effected at 300*C. The relatively slow 
recovery confirms the fact that, unlike 
the simple defects created^^by y photons and 
Compton electrons, neutron' damage is addi- 
tionally composed of more stable cluster 
defects. It is interesting to note that, at 
each temperature used in the annealing 
experiments, recovery was extremely slo'w after 
2 minutes; even when the device was held at 
temperature for periods of up to an hour, no 
further improvement was evident. An increase 
in temperature was required to effect further 
anneali.ng. While operation at high 
temperature may provide the simultaneous 
annealing necessary for operation in high 
neutron fluence environments, it is doubtful 
that JFET operation will survive levels much 
above 10 * *n/cm* . 
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Table II 



%s.off 

g,„(mtr) 

m 

iV -0.2 
9S 

'dss'”*’ 

PRE TEST 

1.15 

2.00 

1.160 

7X10^^ n/cm^ 

1.24 

0.20 

0.073 

ANNEAL: 
1.5 mine20C°C 

(1.36) 

0.80 

0.360 

ANNEAL: 
11.5 tnine200«C 

1.15 

0.84 

0.362 

ANNEAL; 
11.5 min@200°C 
+10 min e300°C 

1.13 

1.08 

0.439 

ANNEAL: 
11.5 min@200°C 
+80 mine300°C 

1.14 

1.04 

0.488 


Motorola 2N4220 JFET Parameters 

Hybrid 

The same hybrid circuit which saw 1.3 x lO’ 
rad gamma was exposed to 7 x lO'^n/cm^. After 
a 5 minute. 200®C post exposure anneal the 
circuit functioned normally. 

Summary 

It is clear from these initial tests that 
the traditional ] imits ascribed to solid state 
electronics in radiation environments can be 
vastly exceeded. For example, the thick 
film/ JFET technology with no modifications to 
its high temperature form can survive more 
than 10’ rad (Si) . The quick annealing of 
passive and active devices at 200 °C strongly 
suggests that operation to 10*° rad is 
possible, a level exceeding any application 
now envisioned. Annealing effects seen in 
diodes and passive comgjonents after neutron 
exposure also demonstrate the enhanced 
radiation tolerance possible by high temper- 
ature operation. The JFET response to neu 
trons defines the extent of radiation 
possible with this hybrid technology. 
Additional tests with high temperature opera- 
tion during irradiation up to 10*'n/cm^ are 
necessary befor’ the circuitry tolerance to 
neutron flux ca.. be ascertained. This limit 
is projected as well above 10*’n/cm®, however. 

This investigation is only the first 
step toward ultra high rad electronics. 

Several programs must follow. For example, 
the development of JFET ICs will allow 
increased complexity and reliability. During 
the next year, hybrid prototypes of a control 
rod position sensor and a containment vessel 
pressure monitor will be fabricated and 
tested to the appropriate radiation level. 
Device tests will be expanded to include 
bipolar transistors, op amri, i2l micro- 
processors, and MOS structures. 

Although this thick film/JFET technology 
appears suitable for reactor instrumentation 
in both the containment and reactor vessels, 
power and volume restrictions on space 


probes may demand the CMOS technology which 
is now used for similar reasons in weapons. 


Analysis by other researchers 
has indicated that CMOS should not necessarily 
be discarded for use in extremely high 
radiation environments, as long as elevated 
temperature provides some annealing of the 
trapped charge in the oxide.®'’ Detailed 
experiments along these lines are planned for 
the near future. Although the CMOS technology 
has not been addressed in this report nor 
extensively tested at these high radiation 
levels, it is important to note that at least 
two solid state microelectronics options exist 
which have capability to the highest radiation 
levels expected for nuclear reactor and spacr 
needs . 
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Summary 


The General Electric Company has been ii»v-?lved 
in developing Integrated ln|ection Logic (l^L)'*^ 
tech ology for reliable (^ration under a -SS^C to 
+30(K:, temperature range. Experimental measure- 
ments indicate that an 80 rav signal swing is av'iilable 
at aOO^C with 100 4 A injection current per gate . In 
addition, modeimg rt ;ults predict how large gate 
fan-ins can decrease the maximum thermal opera- 
tional limits . These operational limits and the long- 
term reliability factors associated with device metal- 
lizations are bjing evaluated via specialized test 
mask. 


or one input (see Figure 1). Voltage measurements 
£t the point between the gates are Vbe of the second 
gate's NPN transistor, with a zero input by the switch 
and VsAT ^ collector with a one input . 



The correct functional operation of large scale 
integrated circuits in a -55^ to +300®C temperature 
environment for long periods of time will provide 
substantial immediate benefits for digital jet aircraft 
engine control and geothermal or deep fossil -fuel 
well logging. Most commercially available LSI tech- 
nologiej are inoperable or suffer long-term instabil- 
ities L>ider these conditions . 

Introduction 

There is no inherent reason why silicon binolar 
devices will not operate at +300°C for extendeu 
periods of time, provided the circuit has been prop- 
erly designed to tolerate leakage currents in that en- 
vironment . A calculation using extrapolated diffusion 
coefficients for aluminum in silicon (the worst -case 
dopant) at 500°C indicates that p-n junctions would 
not move appreciably in 1000 years . However, other 
contaminants such as gold oi copper not commonly 
desired in unlimited quantities have diffusion coeffi- 
cients at least ten urderr of magnitude higher. In 
addition, the metal intercomiection system on the 
chip’s surface must provide good ohmic contact and 
resist the effects of electrom V ation . This paper 
will report on the effort at ' ' ral Electric to devel- 
op reliable high-trinperati .egrated circuits. 
That work has been and is (. «ed on both the design 
of silicon bipolar devices and tl»c metallization sys- 
cem. 

SILICON 1^1 -DEVICE DESIGN CONSIDERATIONS 

The operational limits of gates at high tern - 
peratures may be t’escribed by a variety of methods . 
Measurements of raig-oscillator propagation delays 
as a function of current and temperature provide a 
direct indication of the operating regions with imity 
fan-in but do not provide any information on noise 
margins . 


2 

Figure 1. Measurement Method for Determining 1 L 
Voltage Swing. 

Figure 2 plots the measured base-emitter for- 
wa 4 d-biased voltage drop for a gate input and the NPN 
collector saturation voltages for a gate output as a 
function of temperature. During operation, the PNP 
injection forward biases the NPN base -emitter junc- 
tion and, with the collector conducting, a low (zero) 
logic level is supplied to the following stage . The 
collector sinks injection current intended for the fol- 
iowing stage, bringing it.s input voltage down to the 
VgAT level of the collector. This turns off the fol- 
lowing stage, producing a high (one) output -logic 
level . 
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A second method of determining I^L operating Figure 2. Measured NPN Base Emitter Voltage and 
limits enables an evaluation of the noise margin and Collector Saturation Voltage versus 

signal swing. Two l^L gates are connected in series Temperature 

with the first connected to a switch to provide a zero 
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The effect of the vol^lge -swing margin may be 
observed from the data presented in Figure 2 . The 
VbE for 100 liA. injection current is about 550 mV at 
about 125% and steadily decreases with rising tem- 
peratures to about 200 mV at +300Oc . The Vg/^x for 
a 100 pA in}ecti(» increases to a 120 mV level at 
this same temperature, resulting in a voltage noise 
margi i of 80 millivolts . The voltage noise margin 
may be obtained for tl>e complete operating region 
from the difference between the voltages at similar 
injection currents . 

Figure 2 indicates that signal amplitude and 
noise margin can be improved by increasing the in- 
jection-current density. 

A third method of determining l^L tliermai op- 
erating regions is provided by the digital effective 
gain, which may be measured or calculated by com- 
puter modeling techniques. The effective gain is 
defined as 

j _ collector current sinking capability 
^eff “ base current removed from gate input 

l^L logic signals will propagate as long as the digital 
effective gain is greater than one . The mechanism by 
which the effective digital gain decreases at high tem- 
peratures is through collector leakage . The total 
leakage currents in all the OR -tied collectors (fan- 
in) connected to a gate input rob that gate of ."ome 
fraction of its injected base current and thus Us 
collector -current sinking capability. This phenom- 
enon is observed in Figure 3. As the fan-in is in- 
creased, the total collector leakage removes an 


appreciable fraction of the injecte'l ’ >e current in 
the I^L gate at lower temperature . The effective 
gain is forced to less than one . This also Imposes a 
design rule on the gate fan-in for a given gate to per- 
form correct logical operations at some specified 
temperature and injection current . 

hlGH TEMPERATURE METALLIZATION 

The production of a stable, highly-reliable metal- 
lization system is equal in importance to the silicon 
gate design in the production of high -temperature LSI. 
The metal system chosen for the high-temperature 
applications is platinum silicide/titanium -tungsten/ 
gold. 

Platinum silicide forms stable ohmic contacts to 
silicon, and gold was chosen for its ability to inter- 
face easily the chip to the outside world . Howe "ir, 
unlimited gold diffusing into the sUicon would seri- 
ously affect device performance, and sill' m diffusing 
into the gold metallization can produce reliability 
problems due to the creation of voids . As a result, 
a thin titanium -tungsten barrier metal system is em- 
ployed to separate those materials . 

Verification of high reliability metallizations and 
silicon devices require accelerated aging to com - 
press time scales to reasonable durations . Since 
most failure mechanisms in integrated circuits are 
temperature dependent, an activation energy may be 
obtained for the dominant failure modes . A reaction 
rate or failure rate may then be predicted at various 
other temperatures by the Arrhenius equation: 



R = 


Ae 


-EAT 


( 2 ). 


However, activation energies determined from high- 
temperature testing .nay be invalid if a phase change 
has occurred. This is a problem that provides con- 
siderable complications in producing high reliability 
circuits for 300OC operation; these circuits must be 
accelerated-life tested at temperatures above 350°C. 


An independent test mask was designed for metal- 
lization evaluations. The mask consists of a repeti- 
tion of the 190 X 186 mil master cell shown in Figure 
4. The master cell is divided by scribe lanes into 
four separable chip types. Each chip, therefore, 

'ms an area of 95 x 93 mils . Within each chip are 
two different test element cells. Cells Al, A2, A3, 
A4, Bl, B2, and B3 are metallization test elements. 
The final cell is an PL active test circuit . 


The metallization test ceils v'ere designed to in- 
vestigate the electromigration effect on the thin metal 
layer as a function of the metal linewidth and metal 
line sp mg at elevated temperature . The electro- 
migra on effect could eventually cause metal -line 
runoff and resulting open circuits and short circuits 
between separated metal lines. The metal test ele- 
ments were designed with a four -point probe capabil- 
ity to enable precise measurements to be made in 
order to detect effects of electromigration long before 
catastrophic failure . 


Figure 3 . Modeled Temperature and Gate Fanin 
Influences on Effective Digital Gain 


The test elements were also designed in a man- 
ner that enables ohmic contact resistance to be accu- 




Figure 4 . Master Cell Block Diagram 


On each metallization test cell (from A1 to B3>, 
the top and bottom four pads were used for (Amic con- 
tact studies . For reliability studies of the electro - 
migration effect at elevated temperature, each of the 
two electroraigration test vehicles contains three 
parallel metal stripes that are greater than 10 mils 
in length. The stress puli test on wire txmding can 
be done on the 8 mil x 8 mil enlarged metal pad near 
the center of the test chip. 

Steps in the surface contour of a monolithic cir- 
cuit ar» known to degrade the useful resolution ca- 
pability of any ctiven metallization system as well as 
to increase electromigration effects . To reveal pos- 
sible prcbiems, various combinations of these steps 
were intentionally designed into the metal test ele- 
ments. Thus, seven test -element cells are devoted 
to the evaluation of conductor line -width, spacing, 
and ohmic contact resistance . Table I summarizes 
the permutations provided on the metal test cells . 


lately measured from external package leads, series 
resistance to be accurately measured ’ hile arbitrary 
current levels are passed through a metal thin -film 
conductor element, arbitrary voltage levels to be 
applied between adjacent metallization runs using ex- 
ternal package leads, I^L logic -gate digital gain to be 
measured from external package leads, and I^l 
propagation delay to be externally measured using 
seven -stage ring oscillators. In addition, various 
gate sizes and styles were used in the ring oscillators 
to provide a convenient method of comparing the ef- 
fects of different current densities. 

Figure 5 shows a plot of a typical metallization 
test pattern. To cover the range of the current I^L 
fabrication process, four different minimum dimen- 
sions were chosen: 0.2, 0.25, 0.3, and 0.4 mil. 

The metal stripe spacing was matched to the metal 
stripe width in each test element . The metallization 
test elements also Livestigate the effect of contact- 
hole size on the ohmic contact resistance for each type 
of doped region . 



figure 5. Plot of the Mask Pattern for a Typical 
Metallization Test Element 


TABLE I. METAL TEST CELL FEATURES 


CeU 

Oesignatioo 

Cell Features 

Oxide 
Feature 
Under Four- 
Probe 
Electro- 
Migration Line 

Contact Opening, 
Line Width, and 
Line Spacing 
(mils) 

Contact 

Test 

At 

P 

0.3$ 

p 


P 

0.3 

p 

A2 

n 

0.25 

n 


n 

0.3 

n 

A3 

pn 

0.2S 

np 


- 

0.2$ 

Schottky 

A4 

pn 

0.3 

np 


“ 

0.3 

Schottky 

B1 

pn 

0.4 

np 


• 

0.4 

Schottky 

B2 

P 

0.4 

P 


n 

0.4 

n 

B3 

n 

0.2 

np 



0.2 



P 


Figure 6 shows a comparative photograph of the 
B3 metal test configuration along with the i2l test 
cell. The test cell’s purpose is to evaluate i2l active 
circuits with the barrier metallization system . The 
i2l circuits' test cell consists of the following com- 
ponents: a rectangular symmetrical gate cell and a 
slanted, symmetrical gate cell 2, each cell containing 
a dual output logic gate and a quad output logic gate; 
seven -stage ring oscillators using these basic gates; 
and a reduced geometry rectangular symmetrical gate 
seven-stage ring oscillator. 

INITIAL EVALUATION RESULTS 

Accelerated life tests are being carried out on 
the integrated -injection -logic ring oscillators . The 
oscillators were powered at 100 microamperes per 
gate during stress tests at 340°C . Out of 23 initial 
samples, one failure occurred at 24 hours, leaving 
22 active devices . Of these remaining device: 6 

L-ve been under test for 580 hours, while the ..e- 
maining 16 have been stressed for 247 hours . None 
of the.' has degraded . 
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CONCLUSIONS 
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Introduction 


The theory on which silicon (Si) metal 
cxide semiconductors (MOS) technology is 
founded states that this type semiconductor 
will perform adequately at 300 °C. High 
temperature tests conducted on commercially 
available MOS field effect transistors (FET) 
have confirmed this hypothesis.*"* In this 
report, we present the results of an inves- 
tigation into the possibility of using CMOS 
technology at Sandia National Laboratories 
(SNLA) for high temperature electronics. A 
CMOS test chip (TO was specifically developed 
as the test bed. This test chip incorporates 
CMOS transistors that have no gate protection 
diodes; t)’ 'se diodes are the major cause of 
leakage in commercial devices . 

We decided to use CMOS technology because 
both n- and p-channel devices could be eval- 
uated. We also looked at small-scale inte- 
tration, e.g , an inverter using CM' 3 junction 
isolation and a simulation of dielectric 
isolation. 

Theory and actual data have been compared 
before.* In this paper we intend to report 
on the aging and stability of CMOS devices; 
especially where requirements call for minimal 
drift when subjected to 300 “C for 1000 hours. 
This drift must be less than that in devices 
taken from room temperature to 300 °C. 


• The overall transconductance decreases 
rapidly as temperature and doping 
increases . 

With these generalizations in mind, we made 
the process variation listed in Table . 


Table 1 


Wafer 

1 

5 

7 

9 


Pro ces*ti ng 


Su bstrat e 

.8 -1.** -cm n-type 
-5x10** cm'* 

.8 n-type 

-Sxlo'*cm'* 

.2 -,4A-rm n-typ€ 
-2il0*'’cm'* 

.2 n-typ« 

-2xIo'®cm"* 


T la t ion 

P-ve ll 

Boron fO kf'V 7xlo'^ 
:4g S 4xio’*c-i'* 
Boron 60 kcV 2x10** 
Nj 5 4xlo'*cm'* 
Boron 60 keV IxlO'* 
Ng ; 2xl0**cm'* 
Boron 60 keV 2x10** 
Ng ' 4xlo'*cm'* 


Physics 

From semiconductor physics, the following 
generalization can be made: 

• As temperature increases, the 

Fermi level moves toward the middle 
of the band gap, causing the built- 
in potential to decrease, thereby 
decreasing the threshold voltage. 


These variations are adjustments of the 
various doping levels that compose the MOSFETs, 
and they require many trade-offs in electrical 
performance, making optimization difficult 
(Tables 2 and 3). Table 2 shows that, 
although wafer 1 produces symmetrical gat i 
voltages , leakage and transconductance ’'r. ~y 
greatly between the two channels. Waft 9 
performs well in leakage and voltage bu*- not 
in transconductance. 


• As temperature increases , the band 
gip narrows, causing a minor increase 
in the intrinsic carrier concen- 
tration, (m) . 

• Carrier mobility decreases with 
increasing temperature, causing 
transconductani-e to decrease. 

• Increasing temperature increases 
leakage of generated and diffused 
currents. 

• The more the doping, the greater 
the variation in threshold voltage 
as temperature increases. 


All wafers except .o. 5 performed as 
predicted by theory. The anomaly of wafer: 5 
remains unexplained. The tables show the 
average values derived after subjecting the 
wafers to 300 °C for 1000 hours. Threshold 
voltages for the surviving devices are within 
±0.1V of those listed in Tables 2 and 3; 
leakages are within +5pA of those listed in 
Table 2, and 25;iA of those in Table 3. 
According to theory, the following pattern 
should appear. 


For 

be 

wafers 1 
similar. 

and 

5, 

p-channel 

dat;» 

,hould 

For 

wafers 7 

and 

9, 

p-channel 

data 

should 


be similar. 


The zero temperature coefficient 
point occurs at higher gate 
voltages as the doping is increased. 
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For wafers 5 and 7, n-channel data should 
be similar. 



Table 2 


TC-1 Process Comparison at 300°C 


Wafer 

Average Leakage 
(pa) 

n-Channel p-Channel 

Average Gate Voltage (Vq) ? lOpA 
n-Channel p-Channel 

Average Tranaconductance 
(nnhos ) 

n-Channel p-Channel 

1 

12.41 

18. 8S 

1.45 

-1.45 

0.45 

0.24 

5 

21.44 

25.86 

2.72 

-1.26 

0.22 

0.26 

7 

3.90 

6.15 

1.60 

-2.41 

0.34 

0.21 

9 

4.43 

6.07 

2.56 

-2.50 

0.10 

0.14 


Table 3 


Wa fer 

Average Leakage 
(pA) 

n-Channel p-Channel 

Average Vg @ 
n-Channel n-Channel p 

100 fjiA 
-Channel i 

>-Channel 

n-Channel 

Average Gm 
n-Channel p 

(mmhos ) 
-Channel ' 

p-Channel 

1 

280 

460 

1.54 

1.55 

- .79 

- .78 

1.10 

1.07 

1.82 

t ^ 

75 

5 

88 

163 

3.08 

3.08 

-1.18 

-1.21 

0.61 

0.61 

1.79 

1. 

79 

7 

107 

139 

1.77 

1.78 

-2.12 

-2.14 

1.07 

0.99 

1.27 

1. 

27 

9 

88 

139 

2.77 

2.49 

-2.02 

-2.22 

0.66 

0.68 

1.16 

1. 

14 


TC-4 Proce-s Comparison at 300°C 


The tables show that, except for wafer 5, the 
theory and the actual data generally agree. 

The guard-ring, junction isolated CMOS 
process is quite clean and uses Qss, Nst 
reduction techniques and other schemes to 
reduce oxide contamination. ' For example, 
by annealing with N2 we decrease Qss, ^nd by 
annealing with H2 we decrease Ngt. Careful 
and clean processing decreases sodium and 
potassium contamination. The circuits were 
metallized with standard aluminum Ipra thick, 
and standard p-glass passivation was used over 
the metal. The components were packaged in 
a ceramic, 16-pin flat pack. 


Stability 

Although we will not discuss all the 
parameters tested, as an indication of 
stability, we will discuss data for gate 
voltage at lOpA (TC-1) and lOOpA (TC-4), and 
leakage currents. 


To determine gate voltage, each transistor 
was measured separately. The source and sub- 
strate were connected to ground, and the drain 
was connected to an 8-V source. The voltage 
on the gate was slowly inc.reased until lOpA 
was measured between source and drain; this 
voltage was recorded. The o.OpA value includes 
the reverse leakage current from drain to 
substrate but not from p-well to n-substrate. 

In all data obtained, lOpA was not exceeded in 
the gate voltages neasured for TC-1 (lOpA) or 
for TC-4 (lOOpA) . See Table 3. 

Leakage Current 

The leakage currents discussed are drain- 
to-source channel leakage, drain-to-substrate 
reverse bias leakage, and p-well to n-substrate 
leakage. They were measured with the tran- 
sistors connected as a CMOS inverter. With 
one transistor biased strongly on, we then 
measured the current that wne i ther transistor 
allowed to pass while it is turned off (Figure 
1) . Thus, we have a worst case measurement 
for leakage. In all cases, leakage was small 
enough (II < Ids) to allow the semiconductor 
to remain useful in actual circuits. 
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Figure 1 

Measurement of Leakage 
Current for n-Channej. 

(1) Drain to Source Leakage 

(2) Drain to p-well Leakage 

(3) P-well to n-substrate Leakage 


In all cases, v/e determined that the n- and 
p-chanr.el devices were reasonably stable and 
functional except for wafer 5 which remains 
an unexplained anomaly. 

Wafer 9 demo.istrated good stability, low- 
leakage, and a reasonable Vg at lOyA on both 
the n- and p-channel devices. TC-4 data 
supports chis finding but has an order of 
magnitude increase in lea cage because of its 
larger size. 


Inverters 


Data from transistors connected s 
inverters, show that they will perform a.-, a 
small-scale integrated circuit (SSIC) at 1 gh 
temperatures for extended periods of time 
(300°C for 1000 hours) . 

Vnl andVNH 


In this test, we measured the output 
voltage with the ■ nputs at 1 . 5\ (V^l) and 3 . 5V 

(Vnh) obtaining functionality and noise margin 
parameters . 

Idn and I DP 


With these tests we determined the drive 
current capability of the n- and p-channel 
devices when hooked together as an inverter. 

Results 


The data for invert jrs show that all 
processes were functional at 300°C after 1000 
hou-s. In all cases, drive cu:rrents decreased 
with increosing temperatures as theorized; 
current is lost to ground through several 
leakage paths (Figure 1) as temperature 
increases. 

Judging from the data obtained, there 
paeno to be no outstanding advantage in one 
process over the other. There should be more 
dynamic testing to determine this. The data 
do suggest that dri currents for the higher 
doped devices (wafer 9) are irire symmetrical 


for a given geometry and less 1 emperature 
dependent than lower doped devices. Further- 
more, CMOS, when digitally operated, works in 
a complementary mode; that is, when one 
transistor is on, the other is off. This is 
helpful for reliable high-temperature perfo.’ • 
raance becaus® it allows both devices to go 
depletion yet still perform a givan digital 
function (Figure 1) . Therefore, we can leave 
the threshold voltages closer to zero than when 
the devices must remain enhancement at 300 °C, 
making higher speed devices possible. Wafer 
5 has not been discussed because of its 
unexplainabli. behavior. 

Simulated dielectric isolation inverters 
showed similar trends but with a vast improve- 
ment in leakages. This makes a oig difference 
in noise margin f-i absolute temperature 
optimization . 

Many trc'-’ "O.fs are necessary to determine 
the best ws-, ',uild high-tempeiuture CMOS 
circuits. i i principal parameters that muf*- 
vary are doping profiles and size; oxide 
growth and overall cleanliness make the circuit 
possible . 


Process (Doping Profile) 

Judging from the results of this study, 
doping profiles like those of wafers 7 and 9 
arc best for high-temperature use. Application 
is extremely important because we musn know 
wha*- is expected from the circuit before the 
right process is found. For example, wafer 9 
(r.- cub '^2 X lO'^ cm^ and p-well Ng ^4 x 10‘^ 
cm"^) might appear to be the best choice for 

high-temperature electronics it has good 

symmetry, exhibits small variation with 
temperature, and has reasonable drive current 
capability. However, in some applications, it 
may have too high a threshold voltage and too 
low a breakdown voltage ('>'12V) . Therefore, 
depending on the circuits used, increasing 
the doping to increase the temperature range 
of the CMOS does not alwayc . roduco an ideal 
circuit. In fact, some electrical require- 
ments may make it iTipossible to devel^o a high- 
teu.peratuie circuit by using silicon , .anar 
technology . 


Geometry 


Lhei. designing the mask set for high- 
t'--n'perature circuits, we must include several 
co.nsiaerations not necessary when designing 
room temperature circuits. For example, of 
maior importa: re is the fact that the ar-^a 
between the p-wcil and the n-substrate must be 
as small as vosc- tle to decrease rev 'rse 
leakage. f .id s means that each n-channe 
transistor should have its Lwn p-w«ll. The 
price for this is ?n ndesirabie incre. In 
the silicon area. 

The irobility of holes and electrons 
decreases with increasing te.nperature but not 
at exactly the sama rate. However, the ratio 
of Z/L n-channel to Z/L p-channel should b' 
the same as in rocm .;emperature circuits to 
keep the circuits -■•.mplementary . Keeping 
their ratio the same as in roc .-n temperature 
circuits seemu to be a good compromise. 
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For high temperature circuits, the area 
from the drain to the substrate junction 
should be as small as possible to decrease 
reverse leakage. This is accoBg>lished by 
horseshoeing the 2/I.s, thereby increasing 
circuit density — this method is already in 
common use. 

To make high-temperature circuits more 
reliable, metal lines should be as broad and 
deep as possible, again sacrificing chip area. 

Conclusions 

Existing CMOS technology can be used to 
produce stable and useful circuits that oper- 
ate at 300‘C for 1000 hours. This accomplish- 
ment, however, sacrifices some chip area and 
does not provide gate protection. For this 
latter problem, hign-temperature GaAs and, 

GaP diodes should be developed as protection 
devices. Although these diodes would probably 
be outside the CMOS chip, they could be part 
of the same flat pack. 

Dielectric isolation CMOS would be a 
great improvement over junction isolation and 
iiTork has begun in this area. New solar cell 
diodes show promise as input protection 
devices. This would allow us to be completely 
integrated again. 


Surfaces,” IEEE Transactions Electron 
Devices , 248, May 1965. 

9. F. N. Schrieffer, Effective Carrier 
Mobility in Surface-Space Charge 
Layers,” Phys. Review, 97, pp. 641, 
19S5. 

10. H. H. Bullis, ”Properties of Gold in 
Silicon,” Solid-State Electronics, 9 
pp. 143, 19W: 

11. B. E. Deal, et al . , ”Characteristics 
of the Surface State Charge (Qss) of 
Thermally Oxidized Silicon,” 
Electrochemical Society, 144, pp. 266, 
T96T: 

12. C. W. White, J. Narayans, and K. T. 
Young, ”Laser Annealing of Ion- 
Implanted Semiconductors,” Science , 

204 (4382) :461, May 1979. 

13. J. D. McBrayer, ”High-Temperature 
Complementary Metal Oxide Semicon- 
ductors (CMOS),* Sandia National 
Laboratories, CAND79-1487, (X;tober 
1979. 


References 


1. J. L. Prince of Clemson University, 
Investigation of the Performance of 
Semiconductor Devices at Elevated 
Temperatures, Sandia National 
Laboratories, under Contract No. 
06-4336, November 1977. 

2. D. W. Palmer, B. L. Draper, J. D. 
McBrayer, and K. R. White, "Active 
Devices for High-Temperature 
Microcircuitry,” Sandia National 
Laboratories, SAND77-1145, February 

1978. 

3. B. L. Draper and D. W. Palmer, 
"E<tension of High-Temperature 
Electronics,” Proceedings of E'Z, 

1979. 

4. J. D. McBrayer, "CMOS Test Chips," 
*’ar^xa National Laboratories, 
SAND78-1390, August 1978. 

5. A. S. Grove, Physics and Technology 
o f Semiconductor Devices^ <New Yorx, 
John Wiley ( Sons, Inc.,) 1967. 

6. S. K. Sze, Physics of Semiconductor 
Devices, (New York, Wiley-Interscience) 
l9o9T 

7. v>. H. -Penney and L. Lau, MOS 
Integrated Circuits , (New York, 

Van No'-trand Reinhold Co.) 1972. 

8. O. Leistiko, Jr., A. S. Grove, 
and C. T. Sah, "Electron and 

Hole Mobilities in Inversion Layers 
on Thermally Oxidized Silicon 


104 



"A PRESENTLY AVAILAULE ENERGY SUPPLY 
FOR HIGH TEM>ERATURE ENVIRONMENT (550-1000” F)” 

by J. JACQUELIN 
and R. L. VIC 

Electrocnenistry Departnent 

Laboratoires de Marcoussis 
Route de Nozay 
F. 91460 MARCOUSSIS 


ABSTRACT 


SodluB-sulfur cells are an attractive electric energy 
storage* for long service, in strong environnent. 

State of art is given. More than 200 Uh/kg cells have 
Leen tested. The known range of working teaperature is 
550 - 750* F. Self-discharge is quite nonexistent for 
■onths in operation. 

Technical basis for expecting an operating range up to 

1 000* F under high pressure ataosphere are given. Pos- 
sibilities to adapt size and characteristics to parti- 
cular interplanetary Mission are discussed. 

1) - OPERATION AND TECHNOLOGY OF THE SODllM-SULFUR CELL 

Figure 1 is a scheaatical view of a sodiun-sulfur cell. 
The sodiun. which is the negative pole, is inside a 
B-alunina glove finger. B-alumina is a ceramic having 
the property of transiting Na* ions ; it is therefore 
a solid electrolyte. Outside the S-alumina glove finger 
is located the positive electrode which is formed from 
sulfur held in a graphite- fibre conducting network. 

The whole is enclosed in two steel containers, separa- 
ted electrically from each other by a ceramic insula- 
ting ring a-aluaina. 

The cell is Manufactured in the charged condition. Du- 
ring discharge, the sodiua passes through the solid 
electrolyte in the fora of Na^ ions and reacts with 
the sulfur while giving off polysulfides. 

For the operation to be correct, it is necessary for 
the reagents, sodium, sulfur, polysulfides, to remain 
liquid. For that, the teaperature must be greater than 
500* F and preferably close to 650“ C. 

The cell may be recharged and so operate as an accumu- 
lator, able to effect a large number of successive 
charging cycles. But for that, the sulfur-graphite 
electrode must have special properties which are obtai- 
ned through complex and elaborate manufacture. However, 
even the primary sodium-sulfur cells are capable of 
being partially recharged and cf operating for a long 
time as an accumulator, but with a capacity of only one- 
third of the normal capacity. 

The open-circuit voltage is 2.08 volts. The practical 
operating voltage may be chosen between 1 volt and 

2 volts depending on the power and on the discharge 
conditions. 





Fig. I ; ScWvaallc ••ctlen o( n e«« 


2) - STATE OF THE ART 

The principal technological problems tiave been resolved 
during recent years. 

It was a question of : 

- the manufacture of the solid electrolyte 

- soldering of the solid electrolyte to the 
insulating a-a1um1na ring 

- perfectly tight sealing of the steel contai- 
ners on the a-alumina ring 

- the manufacture of the sulfur electrode 

- and different other practical filling problems 
and sealing in an atmosphere perfectly free of 
any trace of water or of other polluting mole- 
cules. 

At the L.d.M. sodium-sulfur cells are at present manu- 
factured In two sizes. 
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Average voltage 


Effective energ> 


Height 


Energy per mass unit 


n Uh/kg 


The above characteristics relate to cells fitted with 
sulfur electrodes able to operate as accjnulators (se- 
condary generator). Similar cells, but provided with 
primary electrodes (primary batteries) v.ould have capa- 
cities anc eneroles about 20 S qreater. 


260 Ah 
1.5 V 
390 Hh 
1730 g 
230 Uh/kg 


Effective capacity 


A small-site cell model (4.5 Ah) is manufactured and 
used solely tor laboratory research and experimentation 
purposes, m large-site model (260 Ah) is also at pre- 
sent manufactured in the laboratory. Us dimensions 
are optimited for load leveling. 


4.5 Ah 


The principal characteristics of these cells are given 
in the following table : 


Performances 


^11-site 


for discharges 
within 10 hours 


( 

( 

( 


Large-site 

tell 


One very Interesting characteristic of the sodium- 
sulfur generators is the absence of self-discharge. 
There Is no self-discharge at ambient temperature and 
even after a long period of storage (greater than 1 
year) at 650' F no self-dlscha? g was measured. 


US' 


Fig. 2 . Six* ol standard 


sodium-sulfur calls 


figure 3 gives the electrical characteristics of a cell 
depending on the charging condition. 


It should be noted that manufacture is easier and more 
reproducible in the large swe than In the small site, 
which favours then high-energy applications on board 
and not mniaturized applications. 
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3) - SPATIAL APPLICATION 

The operating terperaiure (tSO* F) xhich is a olftuul- 
t> anu a hanulcap tor ground a|.pl ications beuine 
an extremely favourable taetor for sore S|atial appl i- 
caf ions 

ke think imneuiately of the cases of interplanetary 
probes which must travel through high- temperature at- 
mospheres. Such is the case of probes whose mission is 
the explaration of VLNLS. For example, at an altitude 
of 17 km, the temperature is 630® F and under these 
conditions the sodium-sulfur cells operate freely, 
without needing any heating or heat insulation. The 
high pressure (28 bars) which reigns at this altitude 
can be withstood by the containers because of their 
cyclirdrical shape and small diameter. Nothing 'tands 
in t -i way of very long duration missions, which may- 
be c isidereo in months or even in years. 

however, it must be recognized that the present cells 
have not been optimized for such spatial applications 
and that certain modifications would nave to be made. 
For example, for operating in any position and with 
any orientation, it would be necessary to provide the 
inside of the solid electrolyte with a porous layer 
wettable by the Sodium which is designated sodium wick. 

A great number of experimental checks remain to tie 
made, during which certain imperfections might appear 
and involving studies and modifications with respect 
to the present state of the technique. These tests re- 
late for example to : 

- resistance to high accelerations (several 
hundreu g) 

- resistance to shocks and vibrations 

- possible problems of thermal shocks on rapid 
entry into hot atmospheres 

- the problems of checking and guaranteeing re- 
liability. 

4) - FUTURE POSSIBILITIE S 

From the mechanical and sealing point of wiew, present 
cells are able to withstand substantially 1 000" F. 

But the problems of corrosion of the containers, which 
are overcome at about 660“ F, limit the serviceable li- 
fe for higher temperatures. 

However certain simple solutions may be considered. For 
high-pressure atmospheres, the use of deformable con- 
tainers would be a neat solution, both for reducing 
the weight and for resolving the operating problems. 

In fact, it would be possible to balance fnc internal 
pressure with the external pressure, which would allow 
operation at practically unlimited pressures. Under 
high pressures, boiling of the sulfur only occurs at 
much higher temperatures and consequently operation 
close to 1 000" F wou’d become possible (at 1 000® F, 
it is sufficient for the pressure to be greater than 
3.3 bars). 

Figure 4 shows the possible operating range. 



, i * . I 
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The principal problem would become that of high-tempe- 
rature corrosion of the container by the polysulfides. 
The anticorrosion protection used at tlie present time 
and limited by its cost, could be substantially increa- 
sed and solutions using more studied materials and 
techniques may be considered. 

In any cas, the corrosion problems are less serious 
when the missions are limited to a few days or a few 
tens of days and not to years. 

It is then not utopian to put forward the sodium-sulfur 
generators as extremely valid candidates for future 
ground explorations on VENUS (900" F, 100 bars), for 
missions of fairly long duration. 
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STUFFKO NO LAYER AS A DIFFUSION BARRIER IN NETALLIZATIONS FOR HIGH TEMPERATURE ELECTRONICS 
John K. Boah, General Electric Company, EP-7. Syracuse, New York, 13221 
Virginia Russell, General Electric Company, EP-3, Syracuse, New York, 13221 
David P. Smith, General Electric Company, EP-7, Syracuse, New York, 13221 


Abstract 

Auger electron spectroscopy (AES) was employed to 
characterize the diffusion barrier properties of 
molybdenum in the rrSl2/Mo/Au metallization system. 

The barrier action of No was demonstrated to persist 
even after 2000 hours annealing time at 300°C in a 
nitrogen ambient. 

At SAO’C annealing temperature, however, rapid 
interdiffusion was observed to have occurred between 
the various metal layers after only 261 hours. 

At ASO’C, the metallization degraded after only 
two hours of annealing. 

The presence of controlled amounts of oxygen in the 
No layer is believed to be responsible for suppressing 
the short circuit interdiffusion between the thin 
t^ilm layers. Above 340°C, it is believed that the 
increase in the oxygen kiobllity led to deterioration 
of its stuffing action, resulting in the rapid 
interdiffusion of the thin film layers along grain 
boundaries. 

The CrSi2/Mo/Au barrier metallization system lent 
itself easily to fine line patterning. 

Introduction 

Thin film metallizations play a critical role in the 
reliability of microelectronic devices. The 
deleterious effects of aluminum alloy penetration* *2 
and the "purple p1ague"3-4 tn gold-aluminum thin 
film couples are well-known examples. Thin film 
metallizations are made up of very small grair.s, 
high densities of grain boundaries and dislocations. 

It is well established that grain boundaries and 
dislocations increase atomic mobility by acting as 
short circuit diffusion paths. Gjostein^ has 
shown that for face centered cubic metals, thin film 
interdiffusion is controlled by dislocation pipe 
diffusion and grain boundary diffusion in the 
temperature range 30-60 percent of the melting 
point. Below this temperature range, i..terdiffus1on 
is not very significant. Above this temperature 
range, lattice diffusion predominates. Diffusion 
barriers' such as stuffed barriers, passive barriers, 
sacrificial barriers and thermodynamically stable 
barriers, are intended to suppress short circuit 
controlled interdiffusion. The purple plague 
mentioned earlier can be ascribed to Kirkendall 
voiding through short circuit interdiffusion. 

Harris et al8 reported that the diffusion of Ti in Mo 
was Inhibited by the presence of oxygen in the No 
layer of a Ti/No/Au system. Nowicki and Hang’ 
observed the suppression of Au-S1 intermixing in 
Si/No/Au system if the No layer v«s reactively 
sputtered in Nz-Ar mixture. They attributed the 
enhanced No barrier action to N2 occupation of the 
octahedral sites around the No atvms. Neither of 
the above studies dealt with prolonged annealing 
effects at high temperatures. 


The need for nigh temperature (up to 300“C) micro- 
electronics applications in such diverse fields as 
aircraft engine controls, nuclear reactor core 
monitoring instrumentation and oil and gas well 
downhole Instrumentation has further imposed 
stringent reliability requirements on microelectronic 
interconnections. Diffi-sion barrier protection of 
the ohmic contact layer and metal conductor layer thus 
assumes new importance. This paper will discuss the 
enho. red high temperature diffusion barrier properties 
achieved through the introduction of controlled 
amounts of oxygen in the Mo barrier layer of the 
Cr/Mo/Au metal lizat. on system. 

A barrier metallization systen. is shown schematically 
in Figure 1. It consists of an ohmic contact layer 
(Cr$i2), a diffusion barrier layer (stuffed No) and an 
interconnect or conductor layer (Au). Figure 2 
illustrates a tri-metal system where diffusion barrier 
protection is lost during heat treatment. 

Experimental Procedur e 

Sequen'.ial deposition of the thin film layers of Cr, 

No, and Au on (111 )-oriented, N-type silicon single 
crystal wafers was carried out using planar r.f. 
magnetron sputtering (Perk in-Elmer Ultec Nodel 2400- 
8SA). Sputtering pressures were less than 10 mtorr 
using irgcn. Oxygen-argon gas mixtures were utilized 
for reactive sputtering of the N). Prior to sputtering, 
the silicon wafers were etched in dilute HF, rinsed 
thC'Xiughly in de-ionized water, air dried and trans- 
ferred immediately into the sputtering chamber. 

After sequentially depositing the Cr/iw/Au system, 
sintering was .ierfoniH.d in a quartz tube in a flowing 
nitrogen ambient at 450*C for 15 minutes to affect 
CrSi2 fomtion. 

Annealing experime"!ts were subsequently carried out 
at 300“C, 340“C and 450“C. The 300“C anneal, were 
performed in nitrogen ambients in a quartz tube for 
168 hours, 1000 hours and 2000 hours. 

Annealing experiments above 300 C were carried out in 
vacuuB,. ACS was employed to study the extent of thin 
film interdiffusion between the various 'letal layers. 
Fine line pattern definition was evaluated using a 
combination of pnotol ithographic and chemical etching 
techniques. 

Results and Discussions 

AES profiles of the Cr/No/Au system before and after 
sintering at 300'C are shown in Figures 3-6. There 
was limited penetration of the Cr layer by the No layer 
during the sputter deposition. After annealing at 
300“C for 2000 hours, the diffus'*on barrier properties 
of the No layer were found to be intact. Soii* re- 
distribution of the oxygen in th" No layer occurred 
during th^* 300®C annealing. The suppression of the 
expv^ted grain boundary interdiffusion may be 
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ascribed to the oxygen incorporated Into the Ho 
layer. The stuffing behavior of oxygen may be 
similar to that of nitrogen in Ti-U observed by 
Nowicki et al^*^ in the Al/Ti-W/Au system. Nowicki 
and Wang’ also reported that controlled incorporation 
of nitrogen into nnlybdcnum significantly reduced the 
rate of grain boundary interdiffusion in Mo/ An 
couples. 

Annealing above 300“C revealed that oxygen stuffing 
does not completely suppress short circuit controlled 
interdiffusion such as shown in the AES profile of 
Figures 7 and 8. In fact, at 450°C, the oxygen 
mobility was so high that stuffing action was lost 
with a resultant loss of Mo barrier action after 
only 2 hours of annealing. This observation is 
consistent with the equations of Gjostein^ and 
other recently observed thin film interdiffusion 
phenomena^. Fine line patterning was accomplished 
using photolithography and chemical etching such as 
shown in Figure 9. The fine lines are two microns 
in width. 


Sunmary 

The diffusion barrier action of stuffed Mo layers 
has been demonstrated to be reliable at 300°C for 
at least 2000 hours in a nitrogen ambient. The 
incorporation of oxygen in the Mo layer is believed 
to be responsible for the enhanced diffusion barrier 
action of the Cr/Mo/Au metal 1 izatioii system at 
temperatures below 300‘’C. Above 300“C, the Mo 
barrier action rapidly deteriorates. 

The cooperation of Or. Joseph Peng (formerly of 
ARACOR, Sunnyvale. California, and now with 
Fairchild) and Dr. Aristotelis Christou (NRL, 
Washington, 0. C.) in the AES analysis is 
gratefully acknowlecged. Our thanks also to 
Dr. Christou for many helpful disucssions. 
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Figure 3: 

AES SPUTTER PROFILE OF THE Cr/Mo/Au SYSTEM AFTER 
CrSi2 FORMATION 
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Figure 4: AES SPUTTER PROFILE OF THE Cr/Mo/Au 
SYSTEM AFTER A 160 HOUK ANNEAL AT 300°C FOLLOWING 
THE CrSi2 FORMATION 
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Figure 5: AES SPUTTER PROFILE OF THE Cr/Mo/Au 

SYSTEM AFTER A 1000 HOUR AIINEAL AT 300 ’C FOLLOWING 
THE CrSi^ FORMATION 
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Figure 8: AES SPUTTER PROFILE OF THE Cr/Mo/Au 
SYSTEM AFTER VACUUM SINTERING AT 450’C FOR 
2 HOURS 




Figure 6: AES SPUTTER PROFILE OF THE Cr/Ho/Au 
SYSTEM AFTER A 2000 HOUR ANNEAL AT 500'C FOLLOWING 
THE CrSIg FORMATION 


Figure 9: PHOTOMICROGRAPH OF FINE LINE PAHERNING 
OF THE Cr/Mo/Au SYSTEM. THE FINE LINEo 
ARE 2 MICRONS IN WIDTH. 
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REFRACTORY GLASS AND GLASS CERAMIC TUBE SEALS 

Clifford P. Ballard and Donn L. Stewart 
Sandla National Laboratories 
Albuquerquet New Mexico 871SS 


Conplex vacuum tube envelopes are required to 
house and support Integrated thermionic circuits (ITC) 
during long-term operation at elevated temperatures. 
Ll 20 -Zn 0 -S 102 glass ceramic and CaO-Al^O^ glass seals 

were investigated because they are refractory, 
moldable, have relatively high thermal expansion 
coufficlents and bond directly to a variety of metals. 

Materials and techniques were developed to . 
fabricate the silicate glass ceramic (p500°C ” lO^Om; 
Tg - 450*0 Into a toroidal tube design containing 
64 Pt/Rh feedthroughs. Subassemblies were exposed 
to 600*C for periods in excess of 140 hoirs with no 
deterioration of vacuum seal Integrity. However, 
lithium ion conductivity reduced lead- to -lead 
resistance below 1 megohm at 350*C, yielding a 
device unacceptable for ITC applications. 

Q 

The calcium alumlnate glass (p500*C > 10 Qm; 

Tg * 900*0 contali s no alkali but Is more difficult 
to fabricate Into complex shapes. Special transfer 
molding techniques were developed using pre-enameled 
metal piece parts. These subassesd>lies were vacuum 
tight, had a lead-to-lead resistance of 20 megohms 
at 600*C and are believed acceptable for ITC 
applications. 
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PACKAGING TECHNIQUES FOR LOW-ALTITUDE VENUS BALLOON BEACON 



Thomas J. Borden and John U. Winslow 
Jet Propu' ton Laboratory 
California Institute of Technology 
Pasadena, California 


Summary 


This report presents the results to date of a 
specific design project in which a microwave 
beacon is required to operate for a limited time at 
high temperature ("'IIS'C) and at high pressure 
(''•10 bars), in a chemically hostile environment, 
after surviving large mechanical shock forces (up 
to 280 gs) . One of the most interesting results of 
this work is the finding that many existing, 
commerclally-available components can be used in 
such a design with only minor modifications. A 
further result of some interest is that a crude 
(and consequently low-cost) testing program can be 
Designed to identify and select promising commer- 
cial components. 


Symbols 

COS ceramic-oxlde-semiconductor 

DC direct current 

g acceleration of gravity 

HF hydrogen fluoride 

MHz megahertz 

MOS metal-oxide-semiconductor 

P/P peak to peak 

R-C resistor-capacitor 

RF radio frequency 

V volt 

VBB Venus balloon 


Introduction 

The goals of this low-cost design effort are 
to develop a short-lived microwave beacon which is 
capable of intermittent operation while suspended 
from a balloon floating in the atmosphere of Venus, 
and to do it within a relatively modest budget 
(S160K). It should be made clear from the start 
that we are discussing the beacon developmental 
model, not flight hardware. The flight model has 
not yet been built and, in view of recent changes 
in the Venus mission's scope, may not be built for 
some time. Still, the design exercise is an inter- 
esting example of what can be done with limited 
funds and with existing commercial components, 
modifying them where necessary, and by using also a 
bit of that famous America, ingenuity. 

The low-altitude Venus Balloon Beacon (VBB) 
was conceived as one approach to studying the winds 
of Venus. VBB is a small, L-band microwave trans- 
mitter to be suspended from a high-pressure French 
u' r>, one-meter diameter, filled with water vapor 
ilotatlon gas. The beacon is designed to 
trauomlt a series of 1 microsecond, IZ duty cycle 
pulses wh'-h will permit Earth ound stations to 
track the ual’ ...n as it f.'s h iv- about by various 
Venusian atmospneri. Ustucbancco. 

At the proposed 18-kn flight altitude, the 
expected ambient conditions are .'’25°' (617°F) and 
10 bars (160 psla), with wind velocities as high as 
20 meters/sec. The atmosphere is primarily carbon 
dioxide, with traces of other gases including HF. 
The forces on the beacon-balloon system during 
entry into the Venusian atmosphere are calculated 
St 280 gs for two minutes. The total time of 


flight of the balloon will be 240 hrs, with the 
transmitter on during 96 five-minute periods, 
spaced equally during those ten Earth days. 


Discussion 

The VBB electronic system comprises batteries, 
power supply, RF cavity, cavity modulator, timer 
switch, and antenna (Figure 1). The major problem 
areas are the power supply (1000 VDC needed to fire 
the RF cavity) , and the cavity modulator (pulse 
timing accuracy better than 1 part in 10^ required) 
The power supply was designed to use reed switches 
both as input choppers and output rectifiers. The 
cavity modulator is a large hybrid circuit using an 
especially cut crystal as the timing element. Both 
will be discussed in detail shortly, but first a 
word about the easier parts. 



Figure 1. VBB Block Diagram 


Batterie s 

Power is supplied by 1.5 V sodium cells, whose 
electrolyte melts at v280°C and can operate in the 
liquid phase up to ''.350°C. These cells hold a 
charge indefinitely in thei.r solid state and pro- 
duce 20 watt-hr per cell when In the liquid state 
(see Figure 2). Since these batterie.s produce no 
power when solid, i.e., below 280°C, they become a 
built-in on-switch for the system, thus eliminating 
one set of potential headaches including the mass 
of a main power switch. To get the power needed 
•■or 8 hours of operation requ 'res four cells. 

These use up half of VBB's 2-kg total mass limit. 


Timer 

A timer was p-'-'ded to spread the power usage 
out over the 240-hour flight. A mechanical tl’ er 
(either u motor- or solenoid-driven escapement; was 
considered, but these had both mass and power- 
consumption penalties. In view of the high Venus 
ambient temperature and other higher temperature 
sources (e.g., the RF cavity operating temperature 
is on the order of 450°C), a bimetallic switch 
seemed an attractive solution. Several bimetallic 
switches of suitable time constant were found avail- 
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Figure 2. Sodium Battery C.-ll 


able commercially, so this approach v s considered 
the primary solution to the timing problem. The 
motor- and solenoid-driven escapement were relegated 
to back-up status. 

RF Cavity 

The RF cavity used for the development model 
is a standard aircraft transponder RF cavity, made 
by General Electric Company, modified by the manu- 
facturer to withstand the 32S°C environment. The 
engineering staff of ^nc CE tube division was inter- 
ested in the project and made us an offer that, 
from both schedule and financial standpoints, we 
could not refuse. In principal the conversion of 
the standard RF cavity to a hlgt temperature device 
was not too complicated. The major changes centered 
around the oatc'aals used to make the cavity and Che 
type of soldering/welding used in its assembly. The 
Cube itself was already designed to operate well 
above 325“C. 

Antenna 

An antenna with the proper radiation pattern 
was found and scaled down to operate in L-band. 

(See Figure 3.) There is no obvious reason why the 
pattern should change at the high temperatures 
expected of this project, but tne optimum operating 
frequency will change if dimensions change. Meiice, 
a test antenna was built from solid copper for pat- 
tern verification and for frequency-shift evalua- 
tion at. L-band frequencies and high temperatures. 
The test model is too massive for flight use; hut 
given additional time and money, the flight unir 
mass could be reduced greatly, e.g., by designing 
Che flukes hollow, by incorporating the ground 
plane into the transmitter box, and by using 
lighter construction materials. 

Antenna Cable 

One problem which we had to solve that was not 
so simple as It at first seemed, was conducting 
the RF signal from the cavity to the antenna. The 
coax cable Industry currently produces high temper- 
ature semirigid coax cable chat will withstand 
32S*C for extended periods. This cable uses 
powered magnesium oxide as Che dielectric. Since 
this material is hygroscopic, both ends of the 
cable must be sealed. Unfortunately, no commer- 
cially available hermetical '.-sealed connectors 



Figurv 3. VBB Antenna 

could be found, for any temperature range. Hence 
we decided to do it ourselves. 

It had been noted that the standard type OSM con- 
nectors for O.lAl semirigid cable, used for testing 
some multiplier transistors for a possible 
osci 1 lator/modul.itor, were made entirely of metal. 
Since the connector leaves the cable dielectric 
exposed, plugs of some material were needed to 
create seals at both ends of the cable. 

Various types of epoxies were considered, but 
were found too vulnerable to water. Previous 
experience vlLh hybrid construction suggested using 
ceramics. After some investigation Macor, a 
machinable ceramic manufactured by Corning Glass 
Works, was selected and machined into several 
thick-w.illed washers, inner and outer wall sur- 
faces thi.a were coated with low frit gold and 
filed at h30°C to create solderablo surfaces. 

These surfaces next will be coated with a gold 
germanium s Ider, the washer placed in the end of 
the cable, and the cable end heated above 360'C to 
complete the soldei Joint. Post-soldering helium 
leak tests will be performed to assure that no 
detectable leaks larger than 10"^ cc/sec are pre- 
sent. Given that no surprises develop from solder- 
ing plug and connector simultaneously, this problem 
is solved. 

Power Supply 

Figure 4 is a schematic of the power supply- 
chopper-ractif '.er-driver circuit. The principal 
component of the circuit, the transformer, proved 
to be the simplest to find. In the literature 
study at the beginning of the work, a reliable sup- 
plier of high temperature transformers (General 
Magnetics) was located. The test transformers pro- 
cured from this source have functioned without 
problems in all testing performed ro dace. 

The tougher problem has been posed by the 
chopper/rectifier requirements. Wlitn first con- 
sidered, it was thought that the only practical 
solution to this problem lay in the reed switch 
approach. Since the reed switches were large anJ 
relatively heavy, we were motivated to look for 
other possibilities. 
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Figure 4. Scheaacic Circuitry 


One of led us to tost sose very small 

(n‘-i can) roi.. to go-t an idea of their useful 

life and voltage-switching cajiabi 1 i • Wlion 
run IS self drivers at room temp«-ralure and 
9 volts, these relays ran for 11 days at '-llu da 
with no at<t>arenC degr.idat ion. At about 700 V, 
however, the o'ntacts were burnt at a few nicro- 
anps. Since they worked so well at their rated 
winding voltage of 9 volts, it was felt that they 
night Suit til.- low-voltage side of tlie chopper.' 
rectifier .-irciiitry. 

.Accordingly, one of these devices was dis- 
sected and e.'uinined to determine what nod i f icat ions 
they would need to survive at 315°C. These codifi- 
cations, which consisted aostly ot su'.'>.--l i ruling 
high temperature wire insulation and structuril 
cowsonents for their existing counterparts, would 
ha«« rei,uired procedural ch.angcs during m.anurac- 
ture, rather t!r.an post-assembly retrofits. The 
changes were nodest enough to be quite fe.asible for 
L»ical development projects, but were not fcasih'e 
within the tine .ind cost limits avall.-rble for V’EB. 
Consequent Iv, we feel that this :ppco.ich is worth 
Stating fur cons idcr.at ion in future high-temgterature 
projects, even rhougli we could not use it in our 
case. 

Another approach explored was based on the use 
of semiconductor devices as low-voltage switches. 

The chief advantage of such an approach would he a 
slgnif Ic.ant simplification of the chopper/rccllf ier 
synchronization problem. 

Preliminary tests indicated that the Harris 
CD 4009D Ceramic Pack COS/MS Inverter and the 
IRF 151 HEXFET power transistor would function at 
temperatures above 230*C. A DC/DC converter was 
designed, ucing the CD 4009D as the oscillat r and 
driver of a pair of the Ill's (sec Figure 5). 

For the converter tests, the I kV secondary 
was rectified by of f-the-.shelf diodes (not shown In 
Figure S). These diodes functioned satisfactorily 
up to about 200*C, at which point they were removed 
from the oven and operated at room temperature for 
the higher temperature part of tlie tests. 

The test conve.ter (see Figure 6) functioned 
for SO hours at 250*C. Efficiency dropped from 93X 
at room temperature (20*C) to 732 at 2S0*C. In 
view of the limitations on power available In the 
VBB mission, this approach was rejected. For cases 
not so limited, however, this approach should be 
quite useful. 
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Figure 5. Solid State Chopper 



The approach finally selected for VBB uses 
reed i'..'<rches supplied by Cordos Corporation. 

These high-viltage switches are packaged with 
driver colls similar to one of their standard 
lines. The contact bounce on these switches was 
markedly less severe than some others tested, and 
arc capable of switching the I kV secondary without 
difficulty. 

We found in our testing that Improper synchro- 
nization can result In destructior of the switches, 
but that if a very precise R-C circuit Is employed 
contact b'.mout on the 1 kV side of the circuitry 
can be avoided. We have found also that type C 
switches (l.e., SPDT, see Figure 4) can be used on 
the low-voltage side and In the driver circuit, but 
the standard type A (l.e., SFST) switches are 
required in the secondary side to survive the 1 kV. 


1 
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Hybrid Modulator 

Earth station tracking of \'BB requires the 
tlalng accuracy of the transmitted pulses to be at 
least as good as I part In 10^. This requirement 
precluded the self-blocking mode of tube operation, 
and imposed a need for some sort of modulator. A 
hlgh-lcmperature test program at >PL several years 
ago had establ Ished that properly cut crystals were 
capable of maintaining the required accuracy. 

Three crystals (1 MHr. 5 MH*. and 10 MHz, respec- 
tively) cut for minimum drift at have been 

acquired from a coumerclal supplier. As of this 
writing, thesa crystals are being tested at temper- 
ature to verify turnover points and drifts. 

The crystal control circuit designed as a 
result of the above considerations is shown In Fig- 
ure 7. A breadboard model of this circuit, shown 
In Figure 8, was fabricated from materials known to 
function satisfactorily at high temperatures. The 
principal testing goal was to evaluate the 2KS911 
dual JFET's operations and to determine what muld 
be required to keep it operating s.it isfactorily at 
high temperature. 


•*V 

V 



Figure 7. Crystal Control Circuit 


Testing showed that a tuned circuit feeding 
Ql (as shown in Figure 7) was required for satis- 
factory operation. The results of operating the 
test circuit at 280*C for 100+ hours, which pro- 
duced no failures, are shown In Figure 9. It will 
be noted from these data that Increasing Che tem- 
perature reduces the output amplitude. If the rate 
at which the output drops remains fixed, a second 
tuned circuit, feeding Q2, will have to be added to 
achieve saclsfaccory performance at 32S*C. This 
presents no obvious problems. 

It should be noted In passing that It vat not 
absolutely necessary for all materials In the test 
circuit CO be hlgh-cempcrature substances. Low 



Figure 8. Breadboard Model 




Figure 9. Output Wave Forms 

temperature solder, for example, melted at the test 
temperature, but remained in puddles around the 
component leads and performed its electrical func- 
tions satisfactorily. 

.\s of this writing, a refined test circuit has 
been laid out on a 2 in x 2 1/2 in, 96Z alumina 
core substrate. Thanks to extensive testing of 
hybrid Inks for high temperature service conducted 
previously by Sandla Laboratories, a satisfactory 
ink (P'. Pont 9910) was found easily. Gold- 
germanium solder has been chosen for connecting 
discrete component leads to substrate inks. The 
high temperature epoxies and/or potting compounds 
for bonding the discretes to the substrate have 
not yet been chosen. 

The refined test will be conducted using all 
discrete components. For later tests and t light 
hardware, .Nb911 and 2N3821 dies have been ordered, 
along with chip resistors rated for 32S°C operation. 
It Is anticipated that tUc complete circuit will 
fit on a much smaller substrate. 


Conclusions 

The principal conclusion to be drawn from the 
work reported here is that many ordinary components, 
designed for operatlo.i under Earth-norm.ol condl- 
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tioR*> My be used in extreiK* envlronoents — 
either ”ss is,'" or with uinor-to-moderjte changed 
In their construction. A catalog of s*vh extend- 
sbtltties was started bv previous researchers, and 
has been augnented by the present work. 

In addition, a great deal of useful oxtend- 
abl'lty infomatlon pertinent to a particular pro- 
ject nay be gained at relatively low cost, by 
eaploying "rough and dirty” test procedures, 
custoa-designed to fit the needs of that project. 
In our case, even though the developoent r.^siel has 
not yet been tested as a conplcte systeei. the 
prosp'.-ts for a positive, wlthln-hudget outcome of 
thv .Hay-June tl«e-frane developaent-syslcn tests 
(schedule dependent upon receipt of the final- 


design cavity, reed switches, etc.), appear quite 
bright. At that time, our principal problea will 
becooe meeting the 2-kg mass limit. Given the 
results to date. It appears that the only section 
requiring extei-sive redesign here will be the 
antenna, and this does not appear to pose any 
significant problems. 
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Iko ■— rch by the tloctraaic ioduotiy for coo p o ooii ta 
that 01 * light wight, mm cooyoct, aM capable of opctat> 
iag io veiy high teoparatoM and all eovlteoMBtal eoodi- 
tiooa ia aov pcoviag Mmxtfiag. 

the pcopertiai of aoeh a flexible, tnaapaMOt, thin 
fila of alnaiooB oxide iMulated wire or atrip (with a 
aeltiag point of 20S0^CJ ia oniiftie for applications in the 
clcctroaic, aiaaile, atonic reactor, acroepace, and aircraft 
inAiatriee. The oodde fila ia highly flexible, anitahle for 
all windings of any sixe and shape of coil (aagnetic). 
■ricfly toached upon sm the wlttaviolet, protoa ganM ra- 
diation wsea. as well as high wacuaa and cr yo g enic applica- 
tions. 


Since the fila is inorganic and cheaically inert, it 
does not age or deteriorate in storage and has good 
dielectric properties (1000 volts per ail). In brief, 
coaponeots designed around this unique aaterial will keep 
abreast of pMsent day and futuM technology. 

Designers of electro-aagnetic conponentc can now 
achieve higher ratings per unit ot weight nsi a reduction in 
sixe. With proper design, lees insu'^atioa will be required 
and the dielectric losses sm reduced. 

The use of an aluaiaon conductor (round or rectangular 
wiM or strips) will save WIZ (n weight, which ia a distinct 
inproveneat iu connercisl applications such as linear 
notors, nedical instrunents, etc., wbeM lower nasc will 
result in lower inertia. Botary equipaent with low aasa 
aiaplifiea dynaaic balaacing. Aa vihratioo froa dynaaic 
ia balaa c e is red u ced, greater aensitivity and l ap rov e d high 
fre qu ency response in acaing coil applications results froa 
this lower aass. In all, it is a dreaa coae true for aost 
engineers. 


Coapsred to copper, alnainun with AljOj insulation 
operates cooler and will not oxidise. When operating teap- 
eratures of above 100** C., copper will fora an invisible 
fila of cuprous cxide; above 200** C. cuprous and cupric 
aide aM fonaed readily a the surface, tfaw reducing the 
conductance aa ultiastely sevsM cotraim occurs and tvtn- 
tually the conductor is rendered useless. Bvea cickcl 
coated capper is subject to s galvanic actim of the two 
aatols. la a high teapaMtoH opeMtum, aigrstia of stoas 
is eras ted. 


that SM focaed throu gh o ut the iaenUtia ea well as other 
endsageriag pcohlaas, such as lade of adbetim, oxidation, 
evaporatim, and aging. 

igiog ia accoapanied by weight las ia organic aeterinl 
wheM shrinkege ccsolta in the Msin portia raising it to 
lose its bond ia the slot cells, thus creating failure. 
Variatia of tcaperatuM or rotating speed causes aechaaical 
Ausa of the insulation. Thcraul degcneMtia is faster 
close to the cucrcnt-carrying coodoctors wbeiw the teapera- 
tuM ia at a aaxtaua; IheMfoM, the failuM ia induced at 
the hottest spot of the uinding. 

Aluairna conductor and AljOj insolatia, which is cer- 
aaic in natuM, is free of galvanic actia or aidatioo. In 
esse of a breakdown, the insulatim doa not create tracking 
of a peraanot coaductive path throughmt the insulatioe. 
In fact, oxide froa the air creates a new insulated oxide 
and cald repair itself. TheMfoM, it is a good reasa to 
consider the relation between operating teaperstuM and 
insulation life. A coaponeot nade with high teaperture 
insulated aaterial will be noM Mliable and will protect 
itself and its payload froa instant beat and ptessuM. 


For several decades sluainua ha been successfully em- 
ployed in the electrical engineering field and in various 
other epplicatioDS such as in tiansfomera, generators, 
etc., using bulky interleaving naterinls such as paper, 
plastics, or laquer as insulation — for froa satisfactory. 



Aluainua for electric canductors bu e tesistence of 
about 34.5 ofaas/aa^, which is equal to opproxiaatoly 622 of 
the conductivity of electrolytic copper. The specific 
weight is 2.7 ga/ca', or about 302 of that of copper. This 
aeaas that an aluainua conductor of equal conductivity 
wei^is only 502 of that of a coaparable copper conductor. 
In aaay caa, depending upon daign, the conductive weight 
can be further reduced depoding w the dielectric las, os 
aluainua operates c'^ler, snd diaipstes hat noM rapidly. 


Vierfacaanee of eloctrical coaponanta ia high tsapera- 
toH is serioMly haadicappad da to the ladk. of suitable 
insulating aatariala as tbs coaponanta ore subjsetsd to 
ssvuM piqrxieal st Ms s a ia snvircnasntsl conditions. When 
failuH occurs in organic insalatioa, tbs fsiluM rnaaiaa 
pornansnt owing to tha eloctrieally cooductivt carbm paths 


Copper clod aluainua wiM is rw-inforcad with EC grade 
sluainua conductor of on inproved daign dsMlopod to givo 
aUctric paer ntw vsraatility in coutxuction. In additia 
to tha catributia of its high strength to tbs conductor, 
it adds to the total conductivity of the conductor, m that 
it perfocaa a dual fuactia of atrragth and coodoet 'uea. Of 



cent i t, it is lithtmisht ia sll givan tingt* of wire. It 
is also coRosion tssistant. Mkins it sssily applicsblt to 
■agBst «ir«t cables, etc. Copper clad sliwinua is s coapo- 
site aaterisl; The interdiffusion of copper and aluainua 
atOM occurs so that the aaterials are inseparable. They 
arc joined in a netallurigical bond. liirthei.'Bocc, when the 
conposite rod is drawn to fine wire sises, its concentricity 
and the proportions of both netals reaain unchanged. The 
ssM concept can be applied for copper clad steel, which is 
a lead cable for the seniconductor industry, s non g others. 


OONOUCTOR CHMACrmSTICS 
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less— and an insulation so thin— alaiost spaceless— ^bst 
should withstand 1000° F. or higher tcnperatures, and aut- 
vive alnost a^r envirooBcntsl conditions. 

Additionally, there is an increasing denand that it be: 

a) Sufficiently flexible, to allow winding in any focn, 
including niniature coils and edgewinding of rectangular 
wire wound under great stress. 

b) Sufficiently thick, to insure good insulation and 
abrasion resistance, as well as thetnal shock resistance, 
etc. 

Pemaluster, Inc., has pioneered in this technical 
advancenent after years of research and has obtained such an 
inorganic, flexible insulated filn that is produced contin- 
uously on wire and strip aluainua. 

The oxide fila is foraed by an electo-chaaical aethod 
which is a conrersion process for thickening the naturally 
occuring filn several hundred tines or won- This aethod is 
known as "anodising." . Peraaluster's patented process is 
siailar to anodising except: 


(k^per clad aluainua lends itself to shaping, forming, 
and drawing. Wire is produced from dN)3" diaaeter and 
rectangular wire froa JOOl" and is very suitable for winding 
fine, small coils. Larger wire is suitable for lightweight 
cables. 

The adaptation of aluainua wire or foil and/or copper 
clad aluainua conductor is a step to attain iaproved opera- 
tion and reliability through better balance in coaponents 
with the following results: 

1) This SMterial can be operated at a greater speed than 
copper wire using less power in aovable coils. 

2} *Uaa" has been reduced so that a decible aeaaureaent of 
so levels in stationary coils baa been reduced. 

Load capacity of given ratings have been effectively 
increased. 

4) Core losses have been decreased and efficiency increased. 

5) Operating teaperatures are froa -450° F. to 1000° plus F. 



ramiUTaw. >c 


Comparison of theraal and electrical 
' conductivities of copper and aluainua at 
various teaperatures. 

raMinoi 


1) It is perforaed with high speed (justifying cost). 

2) It elisdnates mechanical contact to avoid racking 

spots. 

3) It is controlled to eliminate erasing when bent. 

Owing to the strict control aetboda employed in the 
processing, the oxide coating any be formed homog e ne o usly in 
varying thicknesses and pre -structures. The resistance of 
the formed aluaina fila is about 1800 ohas per ca^. 

The aeebanisa of the anodic filn foraation and the fine 
structure of the fila ace not fully understood, but infocnar 
tion is derived from the available evidence that under the 
influence of the elctrolyte and the mechanical solvent ac- 
tion, aluaiaia ions migrate from the netal surface through 
the barrier layer to the oxygen rich upper portion of the 
fila where the ions react with the aluainua oxide to fora an 
anhydrous aluaina. The oxide layer foraed differs in char- 
acter from the nore porous outer layer. The aluauna has an 
electrostatic charge anj 'an function to absorb other inor- 
ganic or organic nateiial. 


nommorAi/^ 

This step in the creation of aluainua ostide insulated 
filn is an advancement in the technology of processing for 
applications in electo-aagnetic coils, ihinnar insulation 
with high dielectric strength, lower dielectric losses, and 
note compact coaponents arc the results. The inorganic 
insulated filn with its sdvants{;eaus dielectric properties 
will withstand: 

1) Higher temperature (to the molting point of the 

conductor). 

2) Fbngus, corona and contsainsnts 

3) Thernsl or storage aging 

4) Oxidation 

5) Radiation 

6) Corona 

7) Tberasl shock 

8) High frequencies 


■ote tbs increasing deaand in the electronic industry 
for wire or strip to be lighter in weight— alnost weight- 
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9) Cry«|Mict (liquid immi) 

In addition, it will not out(ao in high vocumb. 


1) Bnakdown Voltage: 
The potoua filn of Aljl^ aa 
produced on BC^ grade and 
high p- rity naterial uith- 
ont inpregnation ia approv 
iaately 30 to 40 eolta per 
■icron (0.00004"). The 
naterial conposition af- 
fecta the breakdown voltage 
which iacreaaea with the 
increaaing purity of the 
■etal. The film ia hono- 
geneoua, unifomly thick 
without cracka, controlled 



Fig. 1 — TtnchiMM of fHin vs. bieek- 
down vettafi (rmt). The d ia la ct rie 
ftiaiwlh o( the oidda film is approi- 
imaWir 35 to 40 mils rms per mi- 
cron (O.OOOOa'O. 


to any thickness. The di- 
electric strei^th varies nearly in a linear fashion with the 
tbidmesa as pet Figure X 


2) Resistivity: The resistivity of the aluninun oaide 
varies with tenperature and humidity. When the file is 
unsealed, it nay vary 7 s 10^ to 3 x 10^^ ohna/ca. Onder 
ideal conditions in a dry atnosphere, resistivity of S x 
10^^ ohns/cn. was obtained at 20** C. after charging for 60- 
80 seconds. 
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3) Dielectric Constant; The dielectric constant (per- 
mittivity) of AI2O3 film lies between 8.3 and 9.3 when 
measured in dry air at one megahertx. Similarly, loss 
factor (tan delta) is 03X)04 under like conditions. 


1) Hardness: The film is ceramic in nature and will 
resist scratches and abrasion. The degree of hard- 
ness depends on the porosity and the depth of the oxide 
layer. Tests made on numerous samples of varying degrees of 
porosity by means of scratching the surface with a needle 
having a constant load of 130 grams showed that breakthrough 
wae achieved in the most porous sample after 16 strokes and 
the least porous sample after 48 strokes. 

2) Flexibility: The film is highly flexible, unlike 
other forms of ceramic insulation, and retains tbs inherent 
qualities as long as the metallic base material is not 
subjectad to undue strains. If the base material is over 
stretched or sharply bent, it exhibiu cracking, whan separ- 
ation of the film may occur. A hard temper metal will not 
allow small diameter bending. In bate efste, such wire will 
over stretch on tha upper part of the bend, and the surface 


will be distorted at the lower hand. Owing to the firm bond 
between tha aluminum substrate and the ianeemoat layer of 
aluminum oxide, the insulated conductor can be made flex- 
ible, provided also that the tenper of the conductor is such 
that it exhibits a good degree of ductility. Ductile wire 
and atrip were wound around a mandrel having diameter four 
times the thickness of the conductor without flawing or 
cradling of the insulation. 

3) Fatigue: Tests have indicated that there ia no 
fatigue loss due to the anodic film, even with a film thid:- 
ness more than fifteen microns. This is owing to the flex- 
ibility of the film; there is no stress concentration 
between the netal and the film. 

4) Strength: Tensile strength and eloogstioo are not 
altered by the anodic filn. With very thin materisl, al- 
lowance should be made for the thickness of the metal that 
is converted to oxide. There is no reduction in fatigue 
strength even at relatively hi«h stresses. The alumina filn 
has significant strength when detached. from the metal. 

3) Corona: As inaulatioo is exposed to high voltage, 
the critical voltage is reached when visible or audible 
discharge occurs. This is the corona start voltage (CSV), 
and it is here that the ambient air becomes ionised and 
permits free flow of current. Host insulations exposed to 
this corona effect suffer erosion. It is also attacked by 
osone produced from the oxygen of the atmosphere. Such 
chemical erosion within the body of the insulation is con- 
ced:rated and results in a serious degradation of the quali- 
ty of the insulation and causes premature failure of the 
system. 

6) High Temperature: Beat is a very important factor 
in the use of a barrier type electrolyte, as it thickens the 
barrier layer for higher dielectric strength. Heating 
changes the electrical resistance and modifies the physical 
Constance of the film; therefore, the pre-anodixed aluminum 
bested up to lOOO*’ F. leads to an increase in resistance and 
aa apparent thickening of the barrier layer. It also in- 
fluences the flexibility of the filn. It will not blister 
or peel, although the thermal expansion of the filn and the 
conductor is’ different. 

Since the aluninun oxide melts at 3722° F. (2030° C.), 
the temperature ma ximu m at which Femaluster insulated con- 
ductor may be safely employed is dictated by the melting 
point of the metallic conductor, which for aluminum is 1218° 
F. (639° C.). The insulation properties of the oxide film 
improves as the temperature increases aa the moisture factor 
is eliminated. It bolds its dielectric properties whether it 
is opevbted at 30° C., 300° C., or -400° F. (cryogenic), 
thus making it suitable for Classes B and C insulation as 
well as exceeding Hil-Spec. for high tenperature applica- 
tion. 


It is insensitive to thermal shock. The insulated 
conductor can safely carry short term overload currents 
while ia a high ambient tempiirature and con be subjected to 
sudden changes of temperature having a wide differential 
without deterioratioii. 

Thermal conductivity of tbs is relatively close 
to the aluminum conductor os the film is minuta. It bos the 
ability to radiate beat rapidly in high temperature. A 
small coil with less weight and with high thermal conduct- 
ivity will facilitate ths tranamission of beat. To achieve 
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• ftfow M af, tlw touod wir« ha* btaa raplacai with 
flat win oc aluainia foil wbara all void* in tha wiadiat* 
an fillad. 



nraumisE u 

Aiaiealad tC aluaiou^ wire, Pernaluster 
aaodically pcaceaaod of aluainn oaide 
Fill* thicknes* 8 aicrao* ( .0003") 

7) ladiatioo: Inorganic AljOj film ha* in initial 'on- 
dnetivity at aero <k*e rate of 10 ~^^ (ohn*/cn)~^, the con- 
ductivity increase* at the sane nagnitude the do** rate 
increases: thus the do*e rate of 10 ^ roentgena/eec., the 

conductivity will have increased to 10~^ (o^al*/m)~^. When 
■aterial* ate *uhject*d to a short duration extreae intensi- 
ty gana pulse as encountere in nuclear explosions (where 
the intensity nay reach to nore than 10 ^ roentgens/k«c. in ^ 
fraction of a nicrosecood) the reaiatance of nost organic 
insulations dininiabes in value, while the iMorgk.jc* in- 
cluding AI 2 O 3 will recover rapidly after 10 to 100 nicro- 
secood*. 


AI 2 O 3 is successfully 
applied in a radiation 
environnent. A typical 
reaction environnent of 8 
X 10^^ HV/ca^/sec. for 
neutrons and 6 x 10 ^^ 1 
nev/ca /sec. for gaaaa 
radiation, where the 
equivalent absorbed dose 
for each is approxiaately 
equal to 1 x 10 ^ rads, 
has shown no deleterioui 
effects. 
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fig. 2 — Alumina (Al^ conductivity 
at various temparsturas ir. amma 
radiat'-on. 


In a report hy Idaho Nuclear Xadiation and 'rgonne 
National L^rstorie* was described the design of an Annular 
Linasr Induction Amp for the Hark 11 Loop, placing the aost 
stringent requireaants on the aodiua puap. Tne four-pole 
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Fig. 3. Annular Linear Induction Pump for Mark II 
Inicgial Sodium TREAT t k p 


version of tha gwap used 24 coils, and the five-pole version 
used 30 field coil*. The field coil* were designed to 
consist of flat ribbon wound pancake type coil* of fully 
anodised EC alu ain ua. The AI 2 OJ insulated conductor was 
wound without interleaving and was successful!;* operated as 
the priaary of a 60 herts, one phase, 230 volts AC stepdown 
traasfonMt at 423^ C. for over SOO hours without aalftinc- 
tion or failure <ANL-736> A r g osn a National Laboratory), lU 
DEVELOPMENT OF FVHPS FOE USE IN FAST-EEACT0B-8AFETT 1M- 
TBGMLrLOOP EEPBUMERIS by U E. Bohinson and E. a Carlson. 

8 ) Low Teaperature: Aluainua with oxide film excel* in 
super cold environaents; it is insensitive to abrupt 
change* at low teaperaturea , reaain* tough, ductile and 
strong. The high therr-al conductivity of aluainua (the 
ibility to transfer hast rapidly) aakes it especially ef- 
fective in high energy absorption. 



Teaperature in degrees Eelvin 
Under pressure in liquid hydrogen 

At aub-sero teaperaturea the tear resistance is a* high 
or higher than that at rooa ten.ierature. Aluainua has been 
used to stabilise scper-coodacting aagnet* and reacts only 
slightly in increases in aagnetic field in resistivity or 
about 5KG. In a typical rooa teaperature, under sero 
stress, lero field resistivity of high purity aluainua is at 
2.S3 * 10~^ '-ha/ca. Pure aluainua, oxidized with low strain 
was found to have low resistivity even in a high aagnetic 
field. In cryogenic applications at -ASO” F. in a aagnetic 
field, such aaterial operated easily at 120,000 gauss. The 
less straineo aluainua retained its properties in high nag- 
netic field. It* aagno-resistance exhibited a predoainately 
saturating behavior. 

9) Frequency: Specific resistance of anhydrous and 
paicially hydrated aluaina is very high. The anodic file is 
approxiaately 5HQ/ca^ per 1.3 x I0~^ ca fila. There is no 
significant change over a wide frequency range. At frequen- 
cies above lEHs/S E, it is nearly conatant. At 25<)/cn^ 
changes will appear with varied fila thicknesses. At fre- 
quencies below 10 KHs/S, capacitance is nearly constant at 
0-99u F/cn^. Figure shows soae indication of fair represen- 
tation of the iapedance coaponent of PersMluster tested bese 
AI 2 O} insulated aaterial at rooa teaperature. 

Different values and properties can be obtained if the 
pores are sealed or iapregnated. 

The iapedance obtained in high frequency give* a note 
unifora response, as the aas* of a aoving systea liaits high 
frequency response of acoustic transducer*. 

By reducing the weight of tbs ass* by wore than SOX, 
frequency can be increased. The note dense the aaterial, 
the faster the sound waves travel. For a given frequency, 
aa *4 of the aagnetic coil exhibit* a najor portion for the 
length of the wav* to cycle. Lightweight aluainua rectangu- 
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Ur Witt, td|t wowki. with thin ^1203 iwuUtian. iaprwvcd 
tht dttiin ohjtctivt in ohuinint thn MniMiw powtr outpot 
ptr pound of wti|ht and ccndtnttd unit for nori^ trootducar 
coil and wavttuidot. 



Frtquoncy dapendancc of 
balancint aeriat (a) 
raaiatance vh) capa- 
citance for annealed 
aluainun oaide - Filn 
thickneaa U x 10~^ cn. 


Steady atate low ficquency voltage would be diatributed 
acroaa a abeet winding in direct proportion to the turn 
iapedance giving an eaaentially linear diatribution of auch 
voltage acroaa the tuma. 


haan auccoeafully auhjoctad to vibration teata both at non 
tenparaturaa and alevatad taaparaturaa. Ondar 24 G vitear 
tion, applied at varioua fra^utnciaa batwaan SO cpe and SOOO 
cpe f«( one hour along each aaia, no change in raaiativity 
and only a alight change in inductance waa recorded. Onriag 
the teat the currant flowing through the coil incroaaea to 
raiea the tewperatura to ita Uniting value and then redueaa 
again. 


11) High Vacuua: Aluninun oaida inaulation nay be need 
effectively in high vacuuK. The filn ahowed no effecta 
under pretaure below 10~^^ Torr at SOO^ C. Other teata 
indicated that when AljOj waa inpragnated with carbon-free 
ailicona, there waa no evidence of any hydrocarbon reaidue 
when operated above 400” C. in extrenely low preaaure. 

12} Deaign Conaideration: Aluainun alao haa a high 
heat capacity with high capacitance for even voltage diatri- 
bution. Aluainun atrip or rectangular wire winding pemita 
higher current denaity, due to each turn having lateral 
radiating edgea eapoaed to the cooling nediun, thua provid- 
ing effective beat dlaaipation. Thia pemita cooaidcrable 
.deaign latitude in either reducing the croaa aection of the 
aluainun uaed or ..acreaeing the current rating for equiva- 
lent heat riae. Layet-to-layer tenperaturea are nearly 
unifom; hot apota inherent in conventional windinga are 
virtually elininated. The uae of a thin high tenperature 
dielectric filn on flat natcrial will require 1) leaa volt- 
age, 2) ainiul anount of inaulation, 3) nininal ariount of 
thernal inaulation. It rendera greater volune in equal 
apace and afforda gx. iter nechanical atrength. 


The capacitance and inductance between adjacent or 
phyaically cloae tuma and the capacitance to ground are 
unifom tbroughout a continuoua theet coil. Coila wound 
fron AI2OJ thin inaulated atrip have no interlayer capaci- 
taiKe, tat only intertum capacitance; total capacitance of 
the coil ia thua reduced. 



Waveguide wound, for trananiaaion of 
aignala, uaing coil nade of anodiaed 
aluninun rectangular wire, edge wound. 

Such coila are faat noving, lightweight, 
auitable for actuatora, voice coila, 
aervo ayatana, ahakera, etc. 

10) Vibration: An edge wound flat wire coil produced a 
flus denaity of ^8 hilogauaa in an air gap (uaing 3 Iba. of 
Alttico S - 7 nagnetie core) to provide a 6 lb. force for 
diaplacanent and acceleration aa ahown ia chart. The in- 
proved noving voice coil unit haa an efficiency of SOS in 
the frequency range fron 400 - 10,000 Ha. in a naxinun 
acouatic output of 20 watta with a high dagrae of reliabili- 
ty. Of courauj bitter fraquancy ia no problan. The filn ia 
extrenely tough and exbibita little deterioration under 
extenaivn nechanical vibration for extended perioda of tin*. 
Coila wound with thin filn inaulated al u ninun conductor have 


Canaideratioo ia given to life expectancy, reliability 
and nornal atreaaea in perfomance. It ia inportant to 
chooac a dielectric with thernal atability when the rate of 
beat generation at aone point will <"tceeJ the ability of the 
naterial to diaaipate it. Beat ia generated by conduction 
current flow, principally ionic or by byatereaia under al- 
ternating atreaa. The beat generation rate ia an increaaing 
fimction of tenperature in the electric field. An inaula- 
tioa with thernal atability abould not be the Uniting 
factor aa it ia the noat inportant part of the conponent. 

13) The Oxide File Structure: The 4120^ inaulated filn 
can be varied in proceaaing to neet different requirenenta. 
Peraaluater producea auch filn that ia flexible to allow 
winding in any forn, including niniature coila and edge 
winding of rectangular wire under great atreaa. A filn 
thickneaa aufficiently thick to inawm good inaulation and 
abraaion raaiatance can be produced. 

Owing to the poroaity of the oxide aurface, the filn 
exbibita hydroacopic propertiea, and ita raaiativity ebangea 
with relative bunidity aa well aa with tenperaturea ranging 
fron 10* Ohn/cn to 10^^ Chn/cn. If relative hunidity ia a 
factor, additional inorganica or organica can be inpragnated 
into the porea of the filau 



Structure of porea on 
anodic poroua fig. 
type filn. Fore va- 
riea with operating 
conditiona. 
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14) Imprtgiuted Films: Inortanie costing* h*vp th* 

n4vnfttggo of rtiistance to envirooMOtarcanditiooi, with oo 
digndktlao by oapoaure to radiation. AI 2 O 3 produced anod- 
ieally ia an intergral part of the conductor. The inner 
Uqper of the oxide filn ia relatively coapact and anhydroua, 
and on the aurface ia highly abaorbent and ready to ahaorh 
either diaaoWed aubatancca or noleculea in atate of col- 
loidal diaperaion. It ia axiomatic that abaorbing ia a 
function of the poroaity of the outer layer of the film. It 
ia probable the oxy-type aniona are a part of the porea that 
are capable of hydrogen bonding. 

The conductivity of the outer layer providea the neana 
of tranaporting aniona Iqrdroxyl iooa from aolventa or water 
toward the condenaed layer, and hydrogen iona are eeaily 
bonded or fused with other aubatances. The tranaistion 
frequency of protons in a hydrogen bond has been found to be 
00 of the order of infrared frequencies ( 10 ^^ to 10 ^^ per 
second). On this basis, the proton nobility in hydrogen 
bonded structures differs from the electron mobility rn 
metal itself by only 1 or 2 orders in magnitude. The pore 
diameter of the aurface of the film is in the order of lOJO 
millimeter microns, or Iheir density is between 100 to 800 
pores per square micron, sufficient to absorb other mater- 
ials. In some areas of applications, poroua surface could 
have value, since it is chemically active surface. It acts 
as a good agent for mechanical bondfro- other advantages 
include its retention of photo-litho emulsions, and it 
serves as a base fvc electroplating, printed circuitry and 
painting. 

Pores can be impregnated with various materials, i.e., 
organics to inhibit water absorption, organo-ceramics for 
use in high temperatures. The Georgia Institute of Techno- 
logy (UAEC Tech. Report 58-13) sealed the film with Colloid- 
al Silica in an electrophoresis deposition, also with a true 
liquid of ceramics that wet the inside pores by gelling a 
hydrolixed solution of ethyl silicate so the particles of 
silica were trapped in the pores of the coating. 

Actually, the barrier layer of the oxide is sufficient- 
ly protective for organo-ceramic fi'ling of the pores. There 
is no danger that a carbon conductive path will pass the 
barrier layer in high temperature operation. In fact, even 
the organic material will operate at twice the temperature 
without effect. 

15) Impregnatioi. With Inorganic Material: The anodic 

porous base coating with a barrier layer is a refractory, 
flexible film and can absorb or seal other organic and inor- 
ganic film with or without an organic vehicle. Another 
anodic or eleCtophoretic process can be applied for forming 
another composite film that is absorbed into the pores of 
the anodic base insulated layer. Barrier type electrolytes 
can be used. Tests performed showed that higher dielectric 
strength and flexibility were obtained after vacuum anneal- 
ing at 450® to 500® C. 

Oxide pores can be 'Sealed" with Tetraethyl orthosili- 
cate, which ia a refractory binder, a gelling agent for 
impregnation of porouu material and is highly beat resis- 
tant. A hydrolixed silicate gel heated to silica becomes a 
hard, vitreous type materiali a pure silica bonding agent 
which has the advantage of being insoluble in water. It is 
impervious to most acid and is excellent in high tempera- 
tures. Hydrclixation, using ethyl silicate solution, can be 
accomplished, as it penetratea completely into the porous 
* complete hardness after beating. 


A water solution of po'celain enamel or combinatiana of 
inorganic frits with or without main combination, can be 
applied to create a strong bond with tbe oxide baaa. A 
str-<ng intersolecular bond is responsible for the inettneaa 
of the base coating. 


16) Organic Impregnation; A silicon-oxy gen na.work 
interspersed with organic groups can be stabilised to a 
valuable film in conjunction with aluminum oxide. Tbe sol- 
vent of tbe silicon mixture will oxidise and vaporise with 
other organic componenta, while the inorganic silica matrix 
remains (crosalined organopolysiloxans) are almost unaurpaa- 
acd for heat maistance. Kith aluminum oxide, the structum 
can withstand over 1400® F. without deterioration. A number 
of modified aili-on mains have been used, such as silicon 
alkyds, or mouifications with acrylics, epoxies or phenolica 
with a silicon content of about 2SX. Such different varie- 
ties of resin combinations can be formulated either by 
blending or co-polymeritation to obtain heat resistance up 
to 1000® F. Such combinations are excellent in thermal 
shock resistance. Resin can be applied in pure Cwm or can 
be combined with other resinous material. A mixture of 
resins put together to develop suitable properties that are 
compatible with tbe base AI 2 OJ can be achieved. 
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Heat aging of poly-vamide-imide) adhesive 
on aluaunum and anodised aluminum. 


The choice of resin to be impmgnated into tbe pores 
depends upon the application. The choice of an organic 
binder is made where little or no carbon residue remain, 
though it will have no effect on the insulation, as the 
pores are protected by the refractory oxide film that has a 
melting point three times that of aluminum. 


High temperature polymers offer versatility for use in 
electronic insulsiion and show stability in performance when 
impregnated into the Al 2 <h *Vrisw coat‘d Greater depend- 
ability has been achiev^ at high operating temperatuma 
(about 850® F. ). 


Thermal aging of insulation in organic material is 
prooably responsible for moat failums found in the compo- 
nent. Thermal aging itself does not produce failums, but 
it renders insulation vulnerable to ocher factors, such as 
moistum, penetration, brittlenasa, loss of thermal expan- 
aion befom complete failum. Figure shows some experiments 
with organic film over AI 2 O 2 . 

Such organic overct&L 4 s produced in a cured or quasi- 
cured A coil can be form e d and wound in any ah^ 
when a quasi-cured state is required. When bested, tbe 
turns bond together to form a solid structure, employiaB 
this method, cocoa axe eliminaced: The coil be c om ea very 
strong and self-supporting. 
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Tbetaal aging of EC aluainum wire, anod- 
ically inaulated filaa. Dark bars indi- 
cate aluainua and oxide wire. 


Moat, inaulationa are baaed on a theraal theory. Should 
a weak area in tbe organic insulation be heated aore than 
other areas, and if the heat is not renoved as r«t>idly as it 
is generated, the weak spot grows hotter .ind the resistance 
will be lower. Aa the teaperature continues rise in 
operation, instability occurs; this will be followed by a 
breakdown in the weakest point if the insulation. This will 
not occur in AljOj Insulation. In fact, the aluainua oxide 
insulation iaprovea at teaperatures above 220° F. The 
choice of insulation is often a decided factor Chat will 
govern the perforaance and reliability of the components. 
In applications where peak load is energized during low 
demand period, overall loaaea are always less in high tea- 
perature design. Exaaples are transforaers, generators, 
solencids, alternators, aageets, etc., whether for eiiviroo- 
aencal or terrestrial operation. 

It will stake good sense to construct electronic com- 
ponents by using lightweight conductors to iapiove opera- 
tion: better balance and higher efficiency operation 
through the reduction of aass. It will suke good sense to 
use aluaiauB oxide Chin film insulation for better dissipa- 
tion of beat, higher current flow, and consequently higher 
teaperature operation in adverse environaunts. 
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SPECIAL KEYNOTE ADDRESS 


A CONFERENCE PERSPECTIVE 
Technology Transfer and CooEierclaliiatlon of High Tenperature Electronics 


Cr. Robert Fry 
Gould, Inc. 

Rolling Meadovs, Illinois 


Dr. Robert Pry, Executive Vice President for R and D, Gould, Inc., has been 
invited to the conference to listen to the proceedings, have discussions with the 
authors and attendees and from this background provide insights on the status of 
effort, interfaces between, and perception of the research, manufacturing and 
user communities in high temperature electronics. The progress of R and D, fabrica- 
tion technology and commercialization of useful measurement systems at temperatures 
greater than 200'’C will be assessed. The gaps between user needs, R and D results 
and on-going projects will be sumaarlzed yielding market expectations as projected 
from user applications and manufacturer viewpoints. The apparent determinants for 
coimnercializatlon of current research projects and the perceived Interface barriers 
to technology transfer will be detailed. 


